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1. Introduction 

Superhydrophobicity refers to the remarkable enhanced super water 
repellency of surfaces. Water droplets roll off easily collecting any 
contaminants on their path leaving the surface dry. The self-cleaning property 
otherwise known as the lotus effect; Lotus leaves (Nelumbo nucifera) are 
known for their superhydrophobicity, has intrigued scientists and engineers.1 
The enormous potential of designing and implementing superhydrophobic 
surfaces to benefit from advantages, only possible when water adhesion to the 
surface is extremely minimized, like drag reduction,2–4 anti-biofouling5–8 and 
self-cleaning9 has triggered a spike in research and development during the 
last decade. 

The main challenges facing the advancement of this field are: First, the 
development of scalable superhydrophobic surfaces that display essential 
features such as wear resistance, robustness of non-wetting state and if the 
application requires the ability to respond to an external stimulant. Second, is 
establishing reliable measurement techniques and protocols to quantify the 
degree of non-wettability of the fabricated surfaces.  

Progress achieved in this field stems from the inspiration of 
superhydrophobic surfaces found in nature like the lotus leaf and the cicada 
wings combined with micro- and nanofabrication techniques established as a 
result of the semiconductor revolution.9–12 Superhydrophobicity of several 
functional surfaces that are found in nature is attributed to surface roughness 
caused by different micro- and nanostructures as well as epicuticular waxes 
responsible for lowering the surface energy.13 Wide variety of plant and insect 
surfaces have been investigated by advanced microscopy,13,14 which is now an 
indispensable tool for surface characterization. Advances in micro- and 
nanotechnology confirmed that there is “plenty of room at the bottom”,15 a 
known title of one of the most significant lectures in physics given by Richard 
Feynman before the semiconductor revolution and the invention of the 
scanning probe microscopy. 

Planar technology used for integrated circuits (IC) fabrication witnessed a 
boost in development driven by the requirement of ever shrinking minimum 
feature lengths. AMD Zen 2 processers used today have a minimum feature 
length of 7 nm.16 The miniaturization led to device improvements and reduced 
cost. Microfabrication techniques including lithography, etch and 
metallization made technical advances as a result of the semiconductor 
revolution. These are now established techniques in the development of 
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myriad of engineering and scientific fields including superhydrophobic 
surfaces. 

1.1 Natural superhydrophobic surfaces

Through evolution, nature adopted solutions that enabled living organisms to 
thrive in their environment. Confining our attention to functional surfaces 
involving non-wettability, nature provides us with several examples such as 
rose petal and cicada wings. 

The rose petal and the cicada wings correspond to two different states of 
non-wettability. A water droplet with a high level of adhesion to the surface is 
known to be in Wenzel state. In this state, the water interface at the base of the 
droplet impales the surface microstructure resulting in a pinned droplet.17 A 
water droplet deposited on the rose petal is in Wenzel state evident from the 
co-existence of high contact angle and strong adhesion between water and the 
solid surface. On the other hand, Cassie state refers to the unpinned state of 
the droplet. The water interface in this state partially wets surface features 
meaning that the base of the droplet forms a composite liquid-solid-air 
interface resulting in a weak adhesion to the surface.17 Cicada wings are known 
to sustain water droplets in Cassie state. Cassie and Wenzel wetting states will 
be defined in detail in the next chapter. 

Water droplets deposited on the rose petal do not spread and have almost 
spherical shape with high contact angle (Figure 1.1a). This effect is attributed 
to the microscopic nature of the surface consisting of dense micropattern as 
shown in Figure 1.1b-d. Rose petals are known for their ability to impede 
surface wetting and pin water droplets with strong level of adhesion18,19 
(Figure 1.1g-h).  

Wetting characterization of the rose petal was performed by the tilting plate 
method and by pushing and retracting a water droplet attached to a needle. 
Depositing a 5 μL water droplet on the surface of the rose petal followed by 
tilting the plate from tilt angle ψ = 0° to ψ = 42° did not result in sliding of the 
droplet as shown in Figure 1.1e-f. High adhesion level of the droplet was also 
confirmed by retracting a 3 μL water droplet from the surface of the rose petal. 
The droplet stretches and elongates before detachment from the surface in one 
spot (Figure 1.1g). In the other spot, the droplet was detached from the 
needle and left pinned on the surface during retraction of the needle (Figure 
1.1h).  

High solid-water adhesion of droplets is caused by the impalement of water 
between the densely packed micropapillae present on the surface. 
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Figure 1.1. Non-wettability of the rose petal. a) Water droplets beading on the surface of the 

rose petal. The water droplets have high contact angles and do not spread. b) 
Scanning electron microscopy characterization of dried surface of the rose petal 
showing the densely packed micropapillae in bird view. c) Top view image of the 
micropapillae structure. d) Zoom-in image of a single dried micropapilla showing 
the nanofolds on the surface. e) Sketch of the sliding droplet experiment using 
tilting plate method. The tilt angle is denoted ψ. f) A series of optical images of a 
movie recorded during tilting of a 5 μL water droplet deposited on the surface of 
non-dried rose petal. g, h) Image sequence from a video recording showing 
pushing and retracting of a 3 μL water droplet attached to a needle moving at 
velocity of 10 mm/min. The droplet is detached in (g) and pinned in (h) during 
retraction of the needle. (Al-Azawi et al. Unpublished). 

Another example of a superhydrophobic surface found in nature is the cicada 
wing. Similar to the surface of rose petal, the cicada wings exhibit non-
wettability caused by a dense array of nanoscale pillars.20–22 In contrast to the 
rose petal, the adhesion level of the water droplets to the surface is low so 
droplets are easily shed from the surface taking any contaminants with them. 
This self-cleaning property is also observed on the lotus leaf plant, which 
surface is decorated with micro bumps with secondary nanoroughness.23 The 
superhydrophobicity of the cicada wings shown in Figure 1.2a is evident from 
the high contact angle, the water droplet forms on the wing’s surface (Figure 
1.2b). Nanoroughness was revealed by scanning electron microscopy (SEM) 
inspection of a surface made of crosslinked thiol-ene polymer that resembles 
the cicada wing. This thiol-ene surface was produced by double replication 
process using the actual cicada wing as a template (Figure 1.2c).   

The low adhesion of water droplets on the superhydrophobic cicada wing 
was confirmed by the tilting plate method. A 5 μL water droplet was deposited 
on the surface, which was then gradually tilted until the sliding angle (SA) was 
reached (Figure 1.2d). The droplet starts sliding at ψ = 13° as shown in 
Figure 1.2e. In addition, the low adhesion of water to the surface was 
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manifested by pushing a 3 μL water droplet attached to a needle moving with a 
velocity of 10 mm/min. onto the surface followed by retraction in the opposite 
direction away from the surface (Figure 1.2f-g). On two different spots, the 
droplet remained attached to the needle after retraction without leaving any 
residues. 
 

 
Figure 1.2. Superhydrophobicity of the cicada wings. a) Cicada insects as they were received 

from the vendor. Image was taken by Dr. Maja Vuckovac. b) Dyed water droplets 
deposited on the cicada wings. c) Scanning electron micrograph reveals the 
nanoroughness of thiol-ene surface obtained by double replication from the cicada 
wing shown in (a). d) Sketch showing the sliding angle of the droplet. e) Image 
sequence from a video recording of a 5 μL water droplet during tilting of the plate to 
the sliding angle ψ = 13°. f, g) Optical images of a video recording showing a 3 μL 
water droplet (i) approaching the surface, (ii) pushing the surface, (iii) before 
separation from the surface and (iv) during retraction. (Al-Azawi et al. Unpublished). 

Cicada wings are known for their bactericidal effect, which is exclusively 
attributed to the surface nanostructure rather than an effect of surface 
chemistry.22,24 Combatting the colonization of bacteria or biomatter on 
surfaces is important to avoid the undesired change of surface 
functionalities.25,26 Biofouling constitutes a major issue in wide range of 
applications, such as biomedical devices including implants and marine 
industry.27  

Mimicking nature provide a promising route to engineer surfaces with 
enhanced functionalities. Implementing various micro- and nanofabrication 
techniques, structures made of numerous materials with varying degrees of 
complexity are patterned with the purpose of attaining specific 
functionality.28–30 Superhydrophobic surfaces similar to lotus leaf and cicada 
wings can provide an alternative way to achieve self-cleaning and anti-
biofouling.6,22,24 
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Interesting wetting phenomena are not only observed on cicada wings and 
rose petals, the spines of the cactus plant achieve directional wettability, which 
an integral part of the fog collection system of the plant.31 Water droplets are 
collected at the spines and directed towards the stem. At the spine, the droplet 
experiences a net driving force that moves the droplet along it. SEM 
characterization of the spine reveals microgrooves along the surface with 
nanoroughness structures within them.31 The wettability gradient resulting 
from degree of roughness variation along the spine is responsible for the 
driving force of the droplet.31 Cactus like fog collector has been achieved by 
polymeric microstructures with microgrooves of secondary roughness.32  

Another intriguing example is the shark skin, which surface is covered with 
microstructured V-shaped scales called dermal denticles.2 These structures are 
responsible for drag and turbulence reduction allowing shark to swim faster 
and stealthier making it an infamous predator.2,33 The low drag property has 
been an inspiration for the design of a professional swimsuit with texture that 
mimics the shark skin.33,34 

1.2 Artificial superhydrophobic surfaces

Functional materials possess distinct properties due to geometrical features, 
chemical composition or combination of both. Superhydrophobicity arise from 
combination of low surface energy and micro, nano or hierarchical 
micro/nano surface features arranged in regular or random manner.17  

Surface energy is the energy associated with intermolecular interactions at 
the interface between two media. High surface energy means strong molecular 
attraction whereas low surface energy refers to weak attractive force between 
interface molecules separating for example water and solid. In order to 
sufficiently wet/repel water, high/low surface energy is required. This can be 
achieved by surface activation to obtain high surface energy with hydroxyl 
termination or low surface energy with fluorine termination.   

Micro- and nanostructures are produced by well-established techniques that 
can be categorized by two fundamental approaches. The first approach, known 
as bottom-up fabrication, harnesses the tendency of nanoparticles to self-
assemble into functional ordered micro/nanostructures that can be rendered 
superhydrophobic.35 The second approach is the top-down fabrication. 
Processes that fall under this technique utilize various lithography, thin film 
deposition techniques and etching to introduce micro/nanostructure pattern 
onto the surface (surface micromachining)36 or into the bulk of the material 
(bulk micromachining).37  

Replication using soft lithography is an essential fabrication technique that is 
used widely for prototyping in combination with surface or bulk 
micromachining. Soft lithography can be used for efficient pattern replication 
as shown in Figure 1.2c where the nanoscale structure of cicada wing is 
replicated into polymeric surface.  

In this section, examples of artificial superhydrophobic surfaces are given. 
The first two examples describe surfaces based on silicon fabricated by top-
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down approach. One consists of random nanoscale roughness whereas the 
other consists of regular array of microstructures with secondary nanoscale 
roughness. The third example presents regular array of thiol-ene micropillars 
fabricated by double replication using soft lithography. In this example, the 
micropillars are covered with micro- and nanoparticles by self-assembly. 

In the first example, silicon nanograss structure is formed by implementing a 
top-down fabrication approach involving maskless etch of silicon surface using 
gas mixture of sulfur hexafluoride (SF6) and O2, results are shown in Figure 
1.3. Random high aspect ratio (AR) silicon nanostructures formed as a result 
of etch/passivation competition mechanism.38 SF6/O2 plasma produces 
fluorine radicals (F*) and oxygen radicals (O*).  F*radicals are responsible for 
etching silicon generating etching products such as SiFx and the volatile gas 
silicon tetrafluoride (SiF4). Reaction of etching products with O* radicals at the 
surface lead formation of a passivation layer (SiOxFy) on cooled silicon 
substrate. The passivation layer is eroded by ion bombardment exposing 
silicon to F*. Anisotropic nanostructures are produced by competition of 
passivation layer formation by O* and silicon etching by F*. Silicon samples 
subjected to this process appear pitch black (Figure 1.3a) because 
nanostructures (Figure 1.3b) generated by this process suppress light 
reflection and enhance both light scattering and absorption. 

To achieve superhydrophobicity, the surface energy was lowered by applying 
40 nm thick layer of -(CF2)n- Teflon®-like polymer by plasma enhanced 
chemical vapor deposition (PECVD) using precursor gas trifluoromethane 
(CHF3). Water droplets pipetted on to the surface roll off easily witnessing the 
enhanced superhydrophobicity of black silicon (Figure 1.3a). 

 
Figure 1.3. Superhydrophobicity of black silicon. a) Shedding of dyed water pipetted on the 

surface. b) Dense and random high aspect ratio nanostructures of the black silicon 
sample revealed by scanning electron microscopy.  (Al-Azawi et al. Unpublished). 

In the second example, a regular array of microstructures is etched into the 
silicon substrate using etch mask pattern of oxide layer defined by 
photolithography. In addition, secondary roughness of nanograss structure is 
etched into the periodic microstructure, which after treatment with Teflon®-
like polymer coating by PECVD, rendered the surface superhydrophobic. 
Water droplets bounce on the superhydrophobic silicon surfaces without 
leaving any residues of water (Figure 1.4a). Array of microstructures with 
secondary black silicon structures (Figure 1.4b) exhibits excellent 
superhydrophobicity. 
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Figure 1.4. Superhydrophobicity of hierarchical micro- and nanostructured silicon surface 

coated with thin layer of hydrophobic Teflon®-like polymer. a) Water droplets 
bounce off the surface without wetting it. The image was taken by Valeria 
Azovskaya (Aalto University Materials Platform). b) SEM characterization of the 
periodic array of hierarchical micro and nanostructure responsible for the 
superhydrophobic effect. c) Zoom-in on a single microstructure.  (Al-Azawi et al. 
Unpublished). 

Secondary roughness can also be applied through bottom-up self-assembly 
approach. Superhydrophobic surface of periodic array of polymeric thiol-ene 
micropillars with secondary layer of micro- and nanoparticles is shown in 
Figure 1.5. Superhydrophobicity demonstrated in Figure 1.5a is due to 
grafting of hydrophobic self-assembled monolayers onto the surface of micro- 
and nanoparticles, which are covalently bonded onto the micropillars (Figure 
1.5b). 

 

Figure 1.5. Superhydrophobicity of polymeric thiol-ene micropillars. a) Dyed water shedding on 
superhydrophobic and transparent thiol-ene micropillared sample. b) Periodic thiol-
ene micropillar array functionalized with micro- and nanoparticles. (Al-Azawi et al. 
Unpublished). 

Superhydrophobic surfaces have potential practical application ranging from 
controlled manipulation of droplets and liquids39 to functional surfaces of 
advanced properties such as self-cleaning,9 anti-icing,40 drag reduction,2 
separation of liquids,41,42 etc. Establishing a precise measurement technique of 
superhydrophobic surfaces and developing processes that produce scalable, 
affordable, robust and tunable superhydrophobic surfaces are the main 
challenges facing practical application of superhydrophobic surface. This 
thesis will address these challenges. 
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1.3 State-of-the-art superhydrophobic surfaces 

A brief overview highlighting recent advances in the field of 
superhydrophobicity is given. 

The design of surfaces that can repel water as well as low surface tension 
liquids such as oil and alcohols has been realized by the fabrication of arrays of 
mushroom-like microposts with doubly re-entrant nanoscale overhang 
topology.43–47 Surfaces with the remarkable ability to repel droplets of polar 
and nonpolar liquids are known as superomniphobic surfaces. This topic has 
gained momentum within the field of superhydrophobic surfaces because it 
can lead to the production of surfaces with robust state of non-wettability and 
the repellence of wide range of liquids. The re-entrant surface topography 
makes it possible to achieve superomniphobicity even on materials that are 
inherently hydrophilic. Dry etching techniques are combined to produce 
silicon micropillars with nanoscale vertical overhangs capable of repelling 
droplets of surface tension as low as 22.5 mN/m.43 Superomniphobic surfaces 
have also been successfully fabricated by employing two-photon 
polymerization based 3D printing.47 This technique allows the fabrication of 
singly, doubly and triply re-entrant structures. In addition, the fabrication 
method enables construction of the structures on both rigid and flexible 
substrates. Repellency of liquids with wide range of surface tension ranging 
from 72.8 mN/m (water) to 12.0 mN/m (n-perfluorooctane) was 
demonstrated.47  

Synthesis of superhydrophobic surfaces with a high level of tolerance against 
abrasion wear is another hot topic within the research of water repellent 
surfaces. Robust superhydrophobic surfaces are fabricated by replication of 
high-aspect ratio re-entrant nanostructures from aluminum template via 
atomic layer deposition assisted sacrificial etching.37,48 This fabrication method 
produces hybrid elastomer/metal-oxide superhydrophobic surfaces that are 
durable. The surfaces remain superhydrophobic even after exposure to harsh 
chemical and mechanical treatment. Free-form aluminum templates can also 
be utilized by this process. Fabrication of blood repellent flexible tubes has 
been demonstrated.48 

Design of robust superhydrophobic surfaces that simultaneously feature 
superhydrophobicity and mechanical robustness was also demonstrated in 
another report.49 Durable superhydrophobicity was accomplished by 
structuring surfaces in a way that the highly repellent mechanically fragile 
nanostructures are housed within pockets of interconnected honeycomb-like 
microstructure that act as an armor.49 The nanostructures are prevented from 
damage by the protecting armor. This strategy can be applied to different types 
of substrates including transparent glass, silicon, ceramic and metal. 
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1.4 Outline of the thesis

This thesis addresses fabrication and characterization of superhydrophobic 
surfaces. Successful application of superhydrophobic surfaces depends on 
finding materials that can be easily utilized in synthesizing surfaces with key 
functionalities. Protocols for producing robust and responsive functional 
superhydrophobic surfaces that ensures minimized droplet adhesion and 
enables droplet manipulation are reported in this thesis. In addition, the use of 
oscillating droplet tribometer is reported to demonstrate precise 
characterization of superhydrophobic surfaces by relating damped harmonic 
oscillations of magnetic droplets to surface parameters like surface energy and 
pattern density. 

After introducing several examples of natural and artificial 
superhydrophobic surfaces as a motivation in Chapter 1, the outline of the 
remaining chapters of the thesis is structured as follows: 

Chapter 2: The basic concepts of surface wetting including surface tension, 
contact angle of water droplet, contact angle hysteresis and retention force are 
introduced. These concepts are important for understanding droplet mobility, 
wetting states and the transition between them. 

Chapter 3: The two techniques utilized for characterization of 
superhydrophobic surfaces are detailed in this chapter. The first technique is 
based on measuring the contact angle of a water droplet deposited on the 
surface by analyzing the drop shape. The second technique is based on 
measuring the friction of droplets undergoing damped harmonic oscillations 
on superhydrophobic surfaces. 

Chapter 4: Superhydrophobicity of silicon micropillared surfaces is 
determined by conducting droplet oscillations. As portrayed in publication I, 
friction values extracted from damped harmonic oscillations of droplets are 
related to the solid-liquid fraction of the micropillared surfaces. This allows 
precise characterization of superhydrophobic surfaces by relating the 
measured friction to surface properties. Furthermore, examples of probing 
friction variation against the type of chemical coating used for lowering the 
surface energy are presented. 

Chapter 5: Responsive superhydrophobic surfaces that are capable for 
inducing controlled droplet motion are reported in this chapter. In 
publication II, a new fabrication method is introduced to produce arrays of 
PDMS magnetic micropillars, which after lubricant infusion, applied for 
controlled droplet motion. Moreover, in publication III, arrays of thiol-ene 
magnetic micropillars decorated with colloidal micro- and nanoparticles of low 
surface energy are presented.  

Chapter 6: Contributions to the field of superhydrophobic surfaces are 
summarized in this chapter. Translation of the research results into practical 
applications and the insight the obtained results provides for future research 
are presented.   

 



10 
 



 

                                                                                                                                                     11 
 

2. Fundamentals of Wettability 

2.1  Surface Tension  

Technological applications and the advancement in understanding intriguing 
phenomena involving superhydrophobic surfaces make it important to review 
basic concepts of capillarity and wetting including surface tension and Laplace 
pressure. Surface effects become dominant when considering liquid 
interaction at the microscale with natural or artificial microscopic features of 
different size and shape because of large surface-to-volume ratio. 

The contact area and the geometrical shape of a given system consisting of 
two immiscible fluids in contact are dictated by the minimization of Gibbs free 
energy (G). The interfacial tension (γ) is defined as Gibbs free energy per 
surface area (A) for fixed number of molecules n, pressure P and temperature 
T and it depends on the substances on each side of the interface (Equation 
2.1).50 
 

                                                                                                            (2.1) 

 
The interfacial tension is known as surface tension when a liquid is in contact 
with air. A molecule in the bulk is surrounded by other molecules so it can 
form non-permanent bonds with its neighbors thus gaining a certain amount 
of binding energy. In comparison, interface molecules lack intermolecular 
interactions from van der Waals forces and hydrogen bonds because they 
cannot form as many bonds (Figure 2.1). Therefore interface molecules have 
higher energy and the formation of such interface costs energy. The net effect 
is an inward force that causes the surface to be under tension and behave as it 
is covered with a stretched elastic membrane. The energy cost per unit area of 
a surface separating a liquid and immiscible fluid is expressed by the 
thermodynamic relation (Equation 2.1). The surface tension of water is 72.9 
mN/m at 20 °C.50 This is three times the value of common liquids because of 
water’s strong hydrogen bonds. 
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Figure 2.1. Sketch of a droplet in equilibrium deposited on a solid surface. A volume segment 
illustrates that interface molecules form fewer bonds indicated by arrows compared 
with bulk molecules.  

Surface tension can also be defined as force per unit length (Equation 2.2). 
This is explained by considering a flat rectangular surface of length (L) and 
width (w). An external force (Fext) acting uniformly on the length causing 
elongation from L to L+ΔL without changing the width must supply work ΔG = 
FextΔL to create a new surface area ΔA = wΔL containing the energy ΔG = 

wΔL.50  
 

                                                                                        (2.2) 

 
Surface tension depends on the imbalance of intermolecular forces of 
neighboring bulk phases and is a force per unit length parallel to the interface. 
Surface tension is responsible for the shape of a liquid droplet on a given 
surface as it tends to minimize the interfacial surface area, which is equivalent 
of minimizing the amount of free energy.  

A manifestation of non-zero surface tension is a pressure difference known 
as Laplace pressure across a curved interface in thermodynamic equilibrium.50 
The expression of Laplace pressure (∆PY-L) can be derived by considering a 
small section of an interface separating liquid and gas phases that is subject to 
expansion through an infinitesimal displacement (δz) as sketched in Figure 
2.2. The energy associated with increasing the interfacial surface area by 
infinitesimal (δA) is expressed as (δG = γδA). The total change in Gibbs free 
energy (δG) with respect to equilibrium configuration must equal zero. 
Therefore an increase of the surface energy as consequence of increased area is 
countered by a decrease of the pressure volume energy associated with the 
volume increase (δV). This means that the total change in Gibbs free energy is 
expressed as δG = γδA – ∆PY-LδV = 0.  Consequently Young-Laplace equation 
is deduced as follows 
 
   γδA = ∆PY-LδV                                                                                                          (2.3) 
 
The local radii of curvature increase from R1, R2 to R1+δz, R2+δz. The area (A = 
δxδy) also increases to A+δA = A*= δx*δy*. The infinitesimal change in volume 
is δV = Aδz. 
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The ratio of the arc length (δx) of the area element (A) to the radius of 
curvature (R1) is equal to the ratio of the arc length (δx*) of the expanded area 
element (A*) to (R1+ δz) because both arc lengths (δx, δx*) are spanned by the 
same angle. Thus, the following relation is obtained  
 

                                                                       (2.4) 

 
Following the same procedure for the arc lengths (y), (δy*) and radii of the 
curvature (R2), (R2+ δz), we arrive to the following expression 
 

                                                                                                  (2.5) 

 
Young-Laplace equation is deduced by substituting Equation 2.4 and 
Equation 2.5 into Equation 2.3: 
 

                                                                                              (2.6) 

 
 
 
 

 

 

 

 

 

 

Figure 2.2. Sketch of surface area element A subjected to an expansion through infinitesimal 
displacement δz. 

The pressure difference across the curved interface commonly known as 
Laplace pressure is given by the product of surface tension ( ) and the 
curvature of the interface  and is highest in the convex medium where 

the center of curvature is placed. 
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2.2  Definition of the contact angle and wetting states 

The wetting of a solid surface falls into two possible scenarios. First of which is 
when liquid molecules favor interactions with the surface allowing the liquid to 
spread. In the second scenario, spreading is impeded because liquid molecules 
favor mutual interactions over surface interactions. The extent of wetting on a 
solid surface is controlled by the balance of solid-vapor (air) (γSV), liquid-vapor 
(air) (γ) and solid-liquid (γSL) interfacial tensions. The first entrains the liquid 
film and the sum of the latter two resist liquid spreading because complete 
wetting expands the two corresponding surface areas. The wetting scenario is 
thus determined by the spreading parameter (SP).51–53 
 

                                                                                           (2.7) 
 
For SP > 0 complete wetting is achieved and the liquid spreads readily on the 
substrate in order to minimize the free energy of the wetting system. 
Equilibrium is reached when a macroscopic thin layer covers the solid 
substrate. Partial wetting occurs for SP < 0. In this case, the liquid assumes a 
shape that minimizes the interfacial area, and forms a spherical cap with a 
contact angle. It is the balance of the surface tensions triad that determines the 
contact angle, which is defined as the angle between solid-liquid and the 
tangent of liquid-vapor interface at the contact line where the three immiscible 
phases intersect.50 The contact angle is dependent on the topography and 
chemical composition of the surface. In fact, only on ideal surfaces (atomically 
flat, isotropic, nonreactive, non-stretched, chemically homogeneous and 
insoluble) that the contact angle is determined by the balance of surface 
tensions triad alone. In this case the contact angle is known as the Young 
contact angle or the equilibrium contact angle on smooth solid surface 
(θSL)52,54 
 

                                                                                                  (2.8) 

The Young equation (Equation 2.8) relates the equilibrium contact angle to 
the triad of the interfacial tensions acting on the contact line. Two-
dimensional representation of the force balance at the contact line where the 
three immiscible phases meet is shown in Figure 2.3.  
 

 
Figure 2.3. Sketch of a droplet in partial wetting showing the equilibrium contact angle the drop 

makes on the surface by the balance of the three interfacial tensions. 
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The contact angle is a widely used wetting property because it is a measure of 
the affinity of the liquid to the underlying surface. Contact angle acquired from 
measurements on real surfaces is known as the apparent contact angle (θ). If θ 
< 90°, the material is considered “philic” and if θ > 90°, the material is 
described to be “phobic” to the wetting liquid. When the wetting liquid is water 
the material is termed hydrophobic or hydrophilic if θ is larger or less than 90° 
respectively (Figure 2.4).55,56 
 

Figure 2.4. A schematic illustrating the range of contact angles that a liquid droplet can form on 
different solid surfaces according to the degree of wettability. 

An alternative approach to deduce the contact angle is by considering the 
change of free energy of the wetting system resulting from infinitesimal 
displacement of the contact line of a droplet on the surface in equilibrium. As 
the contact line advances a distance δx, solid-vapor interface is replaced by 
solid-liquid interface and liquid-vapor interface is expanded by δxγcosθ 
(Figure 2.5). Thus the energy change per unit length (L) associated with the 
displacement of the contact line is expressed as following53,57–59  
 

                                                                         (2.9) 

 
At equilibrium δG = 0 because any variations away from the equilibrium must 
result in vanishing variation of the free energy. As a result, Equation 2.9 can 
be rewritten to the form shown in Equation 2.8.50 

 

 
Figure 2.5. Sketch of the contact angle and the displacement of the three-phase contact line an 

infinitesimal distance δx along a smooth surface. 

Real surfaces are never atomically flat and they deviate from ideal surfaces by 
single or several properties. Real surfaces can inherently exhibit roughness, 
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which is an important factor affecting the contact angle. Roughness factor is 
denoted (r) and defined as the ratio of the true surface area to the apparent 
one and thus it is larger than unity. Roughness can also be result of micro- and 
nanostructuring. For a surface decorated by random roughness or regular 
pattern, the free energy of the wetting system is multiplied by factor r hence 
surface roughness amplifies the hydrophobicity/hydrophilicity of the material 
because it can store more energy. As mentioned in section 1.1, the wetting state 
where liquid fully wets surface features and is in full contact with the solid at 
all points beneath the droplet’s base is known as Wenzel state. Accounting for 
the surface topography, free energy change resulting from an infinitesimal 
displacement of the three-phase contact line (Figure 2.6) is expressed, per 
unit length of the contact line, as follows  
 

                                                                     (2.10) 

 
Re-arranging Equation 2.10 and using the Young equation (Equation 2.8) 
lead to Wenzel equation (Equation 2.11)17,51,65,53,58–64 
 

                                                                                                (2.11) 
 
According to Wenzel equation, the intrinsic hydrophobicity/hydrophilicity of 
the material is amplified by the surface roughness. The roughness ensures that 
the value of Wenzel contact angle reduces (θW < θSL < 90°) or increases (θW > 
θSL > 90°). However, the Wenzel condition (Equation 2.11) is only valid for 
moderate values of the roughness factor and cosθSL because it predicts 
complete wetting (θW = 0°) or complete non-wetting (θW = 180°) provided that 
r ≥ 1/|cos θSL| contradicting experimental observations. 

 

 
Figure 2.6. Sketch of the contact angle and the displacement of the three-phase contact line by 

an infinitesimal distance δx along a structured surface. The liquid fully wets the 
surface pattern. 

Another possible wetting state on rough/structured surfaces is when the liquid 
only wets the top asperities and not fully impales the surface pattern, which in 
this case is surrounded by a thin air layer that is sustained underneath the 
continuous liquid phase. This wetting state is known as “Cassie-Baxter state”, 
for simplicity, will be called “Cassie state”. Given that γSL > γSV for hydrophobic 
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surfaces, non-wettability is favored because energy is lowered when less solid 
surface is wetted. Consequently, when the value of roughness factor for 
hydrophobic surfaces increases beyond a critical value, a water droplet will 
more likely to be in Cassie state. Expression for the apparent contact angle of a 
droplet in Cassie state is obtained following the same procedure as Wenzel 
equation but in this case the contact line displacement occurs on 
microstructured surface with flat-topped protrusions (Figure 2.7). On this 
heterogeneous surface, the liquid only wets the flat tops. The wetted area in 
this case is equal to the product of the drop contact area and the solid-liquid 
contact area fraction (φs) – for simplicity will be referred to as the solid-liquid 
fraction or the solid fraction, which is the ratio of the solid surface area in 
contact with the liquid to the total contact area  
 

                                      (2.12) 

 
Knowing that energy variation is equal to zero at equilibrium and using Young 
equation, Cassie equation is obtained17,51,67,53,58,59,62–66  
 

                                                                           (2.13) 
 
Alternatively, the Cassie equation can be formulated as  
 

                                                                    (2.14) 
 
φa is the liquid-vapor contact area fraction and θLV is liquid-vapor contact 
angle. 
 

 
Figure 2.7. Sketch of the contact angle and the displacement of the three-phase contact line by 

an infinitesimal distance δx along a structured surface. Surface pattern is not 
impaled by the liquid. 

The Cassie equation can also be generalized to any pattern with multiple 
components of the liquid-material interfaces at the contact line:

. For two-component systems like solid and air, the Cassie equation 
is given by Equation 2.13. 

The obstructed area of liquid-vapor interface not necessarily equals the area 
of solid that is in contact with liquid, the general Cassie equation can therefore 
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be written as ,56,68 where rw is the roughness ratio 
of the wet surface area. For a microstructured surface of flat-topped cylindrical 
pillars where the solid-liquid fraction is equal to the fraction of obstructed area 
of liquid-vapor interface, we have rw = 1. In the limit of fully wetted surface, 
the general Cassie equation reduces to Wenzel equation since rw = r and φs = 1. 

The difference between Cassie and Wenzel wetting states is shown in Figure 
2.8. As shall be apparent throughout this thesis, droplet behavior on a 
superhydrophobic surface is greatly influenced by the wetting state of the 
droplet. Section 2.4 of this chapter establishes the theoretical basis for Cassie-
to-Wenzel transition while Chapter 4 explores the wetting transition 
experimentally.  

 
 
 
 
 
 

 
 

Figure 2.8. Schematic representations of Cassie and Wenzel wetting states on structured 
superhydrophobic surfaces. 

2.3  Superhydrophobicity and contact angle hysteresis 

In the previous section we introduced the concept of Young contact angle, 
which is the contact angle the liquid makes with an ideal surface and defined 
to be singular and stable. Real surfaces exhibit chemical heterogeneity and 
defects that locally pin the contact line, which changes accordingly along the 
roughened surfaces.69 As a consequence, a small droplet can acquire multiple 
apparent contact angle values within a range known as contact angle hysteresis 
(CAH). Each contact angle value within this range corresponds to a local 
minimum in Gibbs free energy and has to overcome an energy barrier in order 
to acquire another value.69,70 The lowest and highest contact angle values 
within the hysteresis range are the receding contact angle (RCA) and 
advancing contact angle (ACA), respectively. CAH is a measure of surface 
stickiness. The higher CAH value is, the higher the force required to 
immobilize the droplet and is evaluated by changing the droplet volume on a 
horizontal surface in a controlled manner while monitoring the contact line. 
ACA is the highest apparent contact angle reached by increasing the droplet 
volume to the point where the baseline of the droplet starts to advance. RCA is 
the lowest apparent contact angle obtained by decreasing the droplet volume 
to the point where the baseline begins to decrease. The difference between 
ACA and RCA is CAH.  Characterization of superhydrophobicity by measuring 
the advancing and receding contact angles is detailed in the next chapter. 

The wetting property of any surface is categorized according to the values of 
the apparent contact angle and CAH. Non-wettable surfaces exhibit low CAH 
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(CAH < 10°) and high value of apparent contact angle > 150°, they are known 
as superhydrophobic surfaces. 

Multiple scale hierarchical topography further enhances the non-wettability 
of surfaces (increased contact angle and reduced CAH) making them more 
effective of supporting and maintaining Cassie state compared with the 
equivalent surface with a less degree of hierarchy. Examples of surfaces with 
multiscale roughness that can support Cassie state are shown in Figure 1.4 
and Figure 1.5. 

2.4  Cassie-to-Wenzel Transition 

It is important to study the changes in free energy between the wetting states 
in order to verify the important parameters that influence the droplet to be in 
one of the two wetting states. We will see that the cost of free energy of wetting 
the surface structures determines the wetting state of the droplet. As we know, 
the energy of a wetting system can be evaluated by multiplying the interfacial 
tension by the wetted area (Awt). 

In the following we examine a wetting system case consisting of a water 
droplet on superhydrophobic surface of well-defined square array of 
cylindrical micropillars with diameter (d), height (h) and spacing (s). The unit 
cell area of the pattern is illustrated in Figure 2.9. The aspect ratio (AR) of 
the pillars is AR = h/d. The unit cell area (Ac) of the pattern is the pitch 
squared (p2); p2 = (d+s)2. 

 

 
Figure 2.9. Sketch of the mask pattern used to produce square array of cylindrical micropillars. 

Geometrical parameters of the array are unit cell area (Ac), spacing (s) and 
diameter (d). 

The solid-liquid fraction (φs) is defined as the ratio of the wetted area to the 
footprint area of the drop. In Cassie state only pillar tops are wetted by water 
which has contact with air elsewhere. The formula of solid-liquid fraction also 
known as Cassie fraction is  
 

                                                                                                                 (2.15) 

 
In this case, the free energy of the wetting system is expressed as follows 
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                                          (2.16) 

 
The first term of Equation 2.16 (γSL φs Ac) corresponds to the contribution to 
the energy of the wetting system from solid-liquid interface. The second term 
(γ(1 ̶  φs )Ac) is the contribution from liquid-vapor interface and finally the 
term (γSV(r  ̶   φs)Ac) is the contribution from solid-vapor interface. 

The free energy of the wetting system in Wenzel state after wetting transition 
that is when the water fully wets the topography features is expressed as 
 

                                                                                                         (2.17) 
 
The energy changes as the liquid advances between surface features until the 
point of transition to Wenzel state where the droplet fully impales the 
structure beneath. The energy difference per unit cell area of the wetting 
system associated with Cassie-to-Wenzel transition (CW transition) is written 
as 
 

                  (2.18) 

 
Cassie state is energetically favorable if for a given surface the transition 
energy is positive ΔGCW transition > 0. Equating ΔGCW transition to 0 in Equation 
2.18 yields a critical contact angle (θcritical) above which the deposited droplet 
is likely to be in Cassie state. In other words, Cassie regime is favorable when 
the equilibrium contact angle on a flat surface (θSL) > θcritical. The relation 
between the critical contact angle, roughness factor and solid-liquid fraction is 
expressed in Equation 2.19. 
 

                                                                                             (2.19) 

 
The formula for θcritical can also be deduced by equating Wenzel equation 
(Equation 2.11) with Cassie equation (Equation 2.13).59,62,71,72 Transition to 
thermodynamic equilibrium state from metastable state occurs when θSL < 
θcritical. 

It is evident from Equation 2.19 that θcritical is defined by the geometry of 
the surface structure. Superhydrophobic surfaces that are verified to maintain 
stable Cassie state have r  φs (Figure 1.2-Figure 1.5). In this case 
Equation 2.19 can be approximated to cos θcritical =  ̶ 1/r. For a flat surface of 
silicon wafer treated hydrophobic layer, the measured value of the apparent 
contact angle θSL is 111°, which in this example is assumed to be equal to the 
equilibrium contact angle. Thus the condition of θcritical is fulfilled for silicon 
based superhydrophobic surfaces exhibiting robust Cassie state as 
demonstrated in Figure 1.3 and Figure 1.4 where it is expected that r > 3. 

The condition for θcritical (Equation 2.19) is computed and plotted in 
Figure 2.10 for a surface with square array of cylindrical 10 μm diameter 
pillars having aspect ratio of 4.5 produced from mask structure shown in 
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Figure 2.9. In this case the roughness factor can be easily calculated using 
the following expression 
 

                                                                                                             (2.20) 

 
Incremental increase of the pitch of the micropillars by 10 μm from 30 μm to 
110 μm results in decrease in the values of both r and φs. 

 
Figure 2.10. The critical contact angle against roughness factor (r) and solid-liquid fraction (φs) 

for square array of cylindrical micropillars. The diameter of the micropillars is 10 
μm, the aspect ratio is 4.5 and the pitch is incrementally increased by 10 μm from 
30 μm to 110 μm.   

The value of critical contact angle shown in Figure 2.10 increases from 111° 
to 153° as the value of the pitch increases from 30 μm to 110 μm. Given that for 
flat hydrophobic surfaces 90°< θSL < 120°,58 the condition for a droplet in 
Cassie state given in Equation 2.19 is not fulfilled as the pitch value increases 
indicating that a deposited droplet will be in Wenzel state. This contradicts 
observations that confirm Cassie state for a droplet deposited on surfaces 
having similar pattern.62,73–77 The existing Cassie state in this case is 
metastable and a droplet occupying this state is prone to collapse to Wenzel 
state of lower energy.  

CW transition of a droplet in a metastable Cassie state is triggered by an 
external disturbance such as evaporation,75 vibration78 or bouncing.79 The 
vertical components of surface tension force acting along the perimeter of the 
pillar structure will oppose the external force caused by the external 
disturbance acting on a droplet deposited on the micropillared 
superhydrophobic surface. If the external pressure exerted on the liquid-vapor 
interface exceeds the maximum sustainable hydraulic pressure known as the 
critical pressure (Pc), a transition to Wenzel state occurs. Considering 
superhydrophobic surface with unit cell area (Ac) (Figure 2.9) and cross-
sectional perimeter of the pillar (S), the balance between the surface tension 
and the external force is written as follows80 
 

                                                                              (2.21) 
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Transition to Wenzel state is associated with the motion of the three-phase 
contact line, which meets the side of the posts with the advancing contact 
angle θA. The total pressure inside the droplet is the sum of contributions from 
the applied external pressure, the Laplace pressure and the hydrostatic 
pressure: Ptotal = Pext + ∆PY-L + ρgHd, Hd is the mean depth of the droplet. CW 
transition occurs at Ptotal > Pc.  .  

The energy barrier of CW transition can be estimated in terms of Pc, the 
pressure at which wetting transition is induced and the liquid-air interface 
moves down to the bottom. The work per unit area of CW transition is 
expressed as (1 – φs)Pch, which is equal to transition energy barrier per unit 
area. 

The CW transition is an irreversible process because of the existence of an 
energy barrier separating the metastable Cassie state of higher energy from 
Wenzel state. The barrier level that a droplet in Cassie state has to overcome to 
be in Wenzel state is significantly lower from that associated with Wenzel-to-
Cassie transition.51,81,82 

2.5 Contact angle hysteresis force 

The extreme non-wettability of superhydrophobic surfaces benefits several 
applications where droplet manipulation is essential. Digital microfluidics,83,84 
bioassays26,85 and icephobic86,87 surfaces are few examples of critical 
importance for industrial applications for which droplet retention is 
detrimental. 

As defined in section 2.3 CAH is limited by the lowest metastable contact 
angle (RCA (θR)) and the highest metastable contact angle (ACA (θA)). The 
formula for CAH is 
 
Δθ = θA ̶  θR                                                                                                            (2.22) 

 
CAH is a measure for the resistance to the motion of the three-phase contact 
line. The force needed to initiate droplet motion is proportional to CAH. In the 
following an expression for CAH force (FCAH), which is the retention force 
opposing droplet motion, is derived by considering a water droplet on inclined 
superhydrophobic surface (Figure 2.11a). Due to substrate inclination, the 
droplet is subjected to a gravitational force Fg = mgsinψ. The contact area of 
the droplet is sketched in Figure 2.11b is assumed to be circular with contact 
line length (LTCL). The force acting on infinitesimal segment of the contact line 
is expressed as δF =  ̶  γδLTCLcosθ   ̶  γSLδLTCL + γSVδLTCL. The symmetry of the 
contact line dictates that γSV = γSL along LTCL.  By assuming the contact 
line meets the solid surface with angle θA at the advancing half and θR at the 
trailing half, FCAH is obtained by finding the expressions of the forces acting 
toward the rear and the front of the drop (Figure 2.11). 
 

                                                (2.23) 
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                                            (2.24) 

 
                                                    (2.25) 

 
The equilibrium of the droplet at the instant before sliding is written as 
 

                        (2.26) 

 
where R is the radius for the patch of the contact area the drop makes on the 
surface and  is the capillary length equal to 2.7 mm for a water 
droplet in air at 20° C.50,51 

In general, FCAH is presented in a formulation that includes a constant K 
known as the retentive factor. The value of K depends on the assumption of 
how the contact angle varies along the contact line. Efforts for deriving FCAH 
resulted in values between 1 and 3.14. The value of K = 2 in Equation 2.25 
originates from the assumption that contact line of the drop meets the surface 
with two values of the contact angle; θA at the front half and θR at the rear half. 

 

 
Figure 2.11. Contact angle hysteresis force and sliding angle derivation. a) Sketch illustrating 

the forces acting on the three-phase contact line of a droplet on an inclined 
surface. b) The total contact area (footprint area) the droplet makes with surface. 
The three-phase contact line length, the radius of the footprint area, the azimuthal 
angle and force acting on infinitesimal segment of the three-phase contact line are 
indicated. 

Another calculation yields K = 4/π by assuming that the contact angle over the 
entire front half of the contact line is θA and the value of cos θ changes linearly 
between cos θR at the rear of the drop to cos θA at the side of the drop.88 
Additional expression of CAH force is  

substituting LTCL = 2πR lead to K = π.58 Further modification of the CAH force 
formula in which K = 48/π3 was reported to closely resemble the real force 
induced by the contact line.89,90 The general formula of CAH force is given as 
follows 

 
                                                                        (2.27) 



24 
 

In the derivation presented above, the minimum and the maximum contact 
angles are assumed to be equal to θR and θA, respectively. For a droplet sliding 
on inclined surface the measured angles at the receding and advancing edge of 
the droplet do not necessarily equal to RCA (θR) and ACA (θA).91,92 Therefore it 
is necessary to obtain the measured values of θR and θA to estimate FCAH. 

Controlled droplet motion is important for digital microfluidics.83,93 
Therefore, minimizing FCAH is essential for enhancing the mobility of water 
droplet. Directional droplet motion on superhydrophobic surfaces can be 
initiated by designing surfaces with wettability gradients or by implementing a 
responsive structure that can propel the droplet upon application of an 
external stimulus. The success of both methods depends on low FCAH. 
Wettability gradient can be generated by a gradient in solid-liquid fraction. 
Self-propelled droplet motion towards area of higher solid-liquid fraction is 
driven by energy minimization of the wetting system.94–96 

Controlled droplet motion can be achieved by magnetic actuation of 
superhydrophobic microstructures.97 This method will be elaborated in 
Chapter 5. 
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3. Characterization of 
Superhydrophobic Surfaces 

Progress in research and development of superhydrophobic surfaces require 
advancement in characterization techniques that can distinguish the non-
wettability of different surfaces and provide examination of surface 
parameters effect on non-wettability. In general, techniques for evaluating 
wettability are categorized by optical methods or force based methods. The 
first category includes sessile drop goniometry, which relies on capturing the 
silhouette of the droplet. Values of contact angle are extracted by optical 
acquisition of the droplet profile followed by drop shape analysis.98–100 

Wetting characterization by force based methods relates surface properties 
that directly influence superhydrophobicity to forces acting upon the 
droplet.90,100–107 This thesis introduces the use of oscillating droplet tribometer 
in successful probing of pattern density and chemical coating variations. 
Characterization of surface non-wettability was done by measuring dissipative 
forces of magnetic water droplets experiencing free-decay oscillations on 
superhydrophobic surfaces of well-defined pattern. 

This chapter delves into contact angle goniometry and oscillating droplet 
tribometer, which are the wetting characterization techniques used in this 
work.  Examples of additional techniques are given below. 

Tilting plate method is another approach for evaluating the degree of 
superhydrophobicity under the category of optical methods. In this technique 
a droplet of constant volume is deposited onto a horizontal surface followed by 
gradual tilting of the surface until the sliding of the droplet is initiated at a 
critical angle known as the sliding angle (SA).91 The minimum and maximum 
contact angles at the trailing and leading edges are recorded together with the 
SA. The droplet is static at inclination angles below SA due to the force balance 
between the gravitational force and the pinning force caused by CAH (Figure 
1.2). Low CAH implies low sliding angle as expressed in Equation 2.26. As 
mentioned in the previous section, the maximum contact angle at the leading 
edge and the minimum contact angle at the trailing edge do not necessarily 
correspond to ACA and RCA.91,92 Therefore, except from evaluating the non-
wettability of rose petal (Figure 1.1) and cicada wing (Figure 1.2), this 
measurement technique was not considered for characterizing the 
superhydrophobicity of surfaces in this work. 

Force based methods for characterizing the superhydrophobicity entails 
quantifying the strength of interactions between the droplet and the surface. 
This can be demonstrated by scanning droplet adhesion microscopy (SDAM), 
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a technique that allows measurement of droplet adhesion forces as small as 
nanonewton and thus providing visualization of a force wetting map that 
depicts spatial variation in the wettability.102,103 

Another force based wetting characterization technique that also relies on 
measuring the adhesion of a droplet is proposed by using a sessile drop that is 
stuck to a deflectable capillary. The drop will be dragged across the surface if 
the adhesion between the drop and capillary is higher than the lateral 
adhesion between the droplet and the solid surface. The lateral adhesion force 
is obtained by using Hooke’s law when the spring constant and the deflection 
of the capillary are known.90,105–107 This technique together with the SDAM is 
beyond the scope of this thesis. 

Results of superhydrophobic surface characterization that are included in 
this thesis are obtained from the optical method of contact angle goniometry 
and the force based method of oscillating droplet tribometer. Both techniques 
are elaborated in this chapter.  

3.1  Contact angle goniometry 

The most established method for assessing the wetting properties is the sessile 
drop method. Figure 3.1 depicts the contact angle goniometry; a drop is 
deposited on a surface placed on a horizontal stage and the silhouette of the 
droplet is captured by a camera followed by image analysis that yields the 
value of the contact angle. Axisymmetric drop shape analysis based on the 
Laplace equation (Equation 2.6) is a reliable fitting tool for determination of 
contact angle values. The suspended drop is deposited and manipulated by a 
motorized microliter syringe. The controlled increase or decrease of the 
droplet volume is enabled by adding or extracting liquid resulting in advancing 
or receding of the three-phase contact line in a slow rate. This procedure leads 
to measurement of contact angles of metastable states bound by ACA and 
RCA. 

 

 
Figure 3.1. A schematic representation of the contact angle goniometer. Inset shows the 

volume changing method for measuring the advancing and receding contact 
angles by injection and withdrawal of liquid to and from a droplet. 
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The limitation of contact angle goniometry is manifested during 
characterization of superhydrophobic surfaces. In this case, the automatic 
baseline detection of a droplet having contact angle higher than 150° can fail 
due to dependence on the image resolution. The baseline indicates intersection 
points of liquid with the solid surface in the captured side view image of the 
drop.  Blur at the critical segment of the captured image can lead to 
displacement of the baseline line by the fitting algorithm or by the user. 
Contact angle measurements on superhydrophobic surfaces are therefore 
prone to systematic errors from about 1° to beyond 10° as a result of the 
uncertainty in baseline positioning.108 

Obtaining accurate assessment of surface wettability via sessile drop 
goniometry depends on other factors besides the positioning of the baseline. 
CAH range and droplet size are the main factors contributing to correct 
interpretation of surface wettability.  

Young equation (Equation 2.8) introduced in the previous chapter is based 
on simplifications including atomically smooth unreactive surfaces that are 
rigid and homogeneous. These assumptions lead to a single Gibbs free energy 
minimum corresponding to the ideal contact angle,69 better known as the 
Young angle, which only depends on surface energies and not on other 
material properties. In reality surfaces exhibit roughness and heterogeneity 
that leads to multiplicity of Gibbs energy minima of the wetting system 
corresponding to multiple metastable equilibrium states.56,69 Therefore a 
single apparent contact angle fails to be a quantitative measure of the surface 
wettability. The range of metastable contact angles depends on interfacial 
energies of the wetting system and on factors that cause contact line pinning 
such as roughness and heterogeneity. Correct evaluation of surface wettability 
entails experimentally measuring the CAH range limited by ACA and RCA. 

The number of equilibrium states and the energy barrier level separating 
them are dependent on the size of the droplet. It has been reported that as the 
droplet size increases, the number of metastable equilibrium states with 
smaller energy barrier between them increases.70,100 Therefore it is important 
that the size of the droplet is sufficiently large compared with the roughness 
scale or heterogeneity scale in order for the droplet to be axisymmetric.68 In 
general this requirement is met because large droplet (volume > 10 μL) is 
recommended when RCA is evaluated.98 This is sufficiently large volume given 
that the typical scale of roughness is in the order of microns or sub-microns.    

Having recognized the important parameters of contact angle measurement, 
the procedure of wetting characterization is described next. Figure 3.2 
illustrates schematically the measurement of ACA and RCA. A water droplet 
will attain a contact angle value between ACA and RCA upon its deposition on 
a planar surface. In the first stage of ACA measurement (Figure 3.2a), the 
drop volume increases at a slow rate during liquid addition while the contact 
line remains constant. As the volume increases linearly, the contact angle 
increases and the drop bulges outward about a pinned contact line until ACA is 
reached. In the second stage, the contact line advances as the liquid continue 
to be added to the drop. At this point, the width of droplet increases linearly 
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with time while the contact angle maintains its advancing value as shown in 
Figure 3.2a. 

On the other hand, at the first stage of RCA measurement, the liquid is 
withdrawn from the droplet resulting in a volume decrease. The droplet 
appears to deflate about a fixed contact line while the contact angle decreases 
linearly until the RCA value is reached (Figure 3.2b). In the second stage, the 
contact line recedes as the volume decreases linearly. The contact angle is 
maintained at the RCA value until the drop starts to distort. 

 

 
Figure 3.2. A schematic depicting wetting characterization by contact angle goniometry. 

Measurement procedures for (a) advancing contact angle and (b) receding contact 
angle. 

The variation of contact angle values during ACA and RCA measurements was 
verified experimentally (Theta Optical Tensiometer, Biolin Scientific, Finland) 
on two silicon samples that are both treated with hydrophobic 
perfluorododecyltrichlorosilane (FDTS) self-assembled monolayers. The 
measurements on a planar silicon sample yield ACA value of 114.7° and the 
RCA value is 90.8° so the value of CAH is 23.9° (Figure 3.3). As expected 
measurement on silicon surface that is structured with square array of 
micropillars with circular cross-section (diameter: 10 μm and pitch: 90 μm) 
yields lower CAH value of 6.9° (Figure 3.4). 
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Figure 3.3. Contact angle measurements performed on planar silicon surface treated with 

perfluorododecyltrichlorosilane. a) Advancing contact angle data. b) Image of 10 μL 
water drop captured during the advancing contact angle measurement. c) 
Receding contact angle data. d) Image of the drop captured during the receding 
contact angle measurement. 

 

Figure 3.4. Contact angle measurements performed on silicon micropillars (diameter: 10 μm 
and pitch: 90 μm) treated with perfluorododecyltrichlorosilane. a) Contact angles at 
discrete volume values during advancing contact angle measurement.  b) A 10 μL 
water drop displaying high contact angle captured during advancing contact angle 
measurement. c) Receding contact angle data. d) Image of the drop captured 
during receding contact angle measurement. 
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The most profound deviation in comparison with the measurement on smooth 
surface is the behavior of contact angle as function of drop volume during RCA 
measurement. In contrast to the measurement on the smooth surface where 
the contact angle monotonically approaches the receding value as the droplet 
volume shrinks continually. The value of contact angle in Cassie state exhibits 
periodic oscillation as a result of the stick and slip behavior of the contact line 
during this stage of RCA measurement on the superhydrophobic surface 
(Figure 3.4c). The stick and slip behavior is a consequence of the 
discontinuous motion of the contact line during the RCA measurement. 
During slip the value of contact angle jumps with nearly infinite slope as the 
contact line gets unpinned from the top faces of the micropillars and pinned 
onto other micropillars in the inward direction. During pinning contact angle 
decreases linearly with volume until the point where the contact line gets 
unpinned again and jumps towards other micropillars.  

3.2  Oscillating Droplet tribometer  

Limitation of CA measurement on superhydrophobic surfaces has urged 
researchers to pursue more sensitive techniques based on force 
measurements. Oscillating droplet tribometer offers a viable alternative for 
optical methods especially for wetting characterization of surfaces with contact 
angle > 150°. This technique enables measurement of dissipative forces down 
to 10 nN.101 

Characterization of superhydrophobic surfaces using this technique relies on 
employing water-based ferrofluid droplets, explained in more detail in section 
4.3. Measurements are conducted by depositing a ferrofluid droplet on a 
superhydrophobic surface attached to a horizontal stage. The droplet moves 
laterally from the initial position on the superhydrophobic surface to an 
equilibrium position above the permanent magnet fixed below the horizontal 
stage. The experimental setup is shown in Figure 3.5 and Figure 3.6. The 
horizontal stage and the permanent magnet are both controlled by two linear 
precision positioning stages (Aerotech PRO165LM). The motion of the 
horizontal stage is controlled along the z-direction while the motion of the 
magnet is controlled horizontally along the x-direction. 
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Figure 3.5. The experimental setup of the oscillating droplet tribometer. 

 

 

Figure 3.6. Schematics illustrating the procedure of droplet oscillations. a) Translational motion 
of the permanent magnet to a new position along the x-direction generates free 
decay ferrofluid droplet oscillations around the equilibrium. Three positions (extreme 
left (1), center (2) and extreme right (3)) during half oscillation cycle are indicated. 
b) Sketch of harmonic potential well within which droplet oscillation occurs. The total 
energy (PE+KE) of the droplet oscillates from being completely potential at the 
extreme points 1 (PE = U1) and 3 (PE = U3) to being completely kinetic at the center 
position 2 (KE = K2). The total energy of the droplet deceases during the half 
oscillation cycle as it moves from 1 to 3 due to energy dissipation. 

The total potential energy of the droplet above the magnet is Utotal ≈ –μ0HMV 
+ mgz, where (μ0) is the vacuum permeability, (M) is the magnetization of the 
droplet, (V) is the droplet volume and (H) is the magnetic field strength, which 
has the spatial dependency near the symmetry axis H = H0 – (cx2/2). (H0) is 
the field strength at the symmetry axis (x = 0), (c) is the field curvature and (x) 
is the distance from the center of the magnetic potential well.  

The experimental setup makes it possible to control the normal and lateral 
forces independently. The lateral force, in the x-direction, is a result of a 
sudden translational movement of the magnet along the x-axis to a new 
position. Hence a magnetic field gradient is generated and the magnetic 
potential energy is increased causing droplet displacement. The droplet is then 
brought into free-decay oscillations by a Hookean restoring force. The 
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transverse motion of the droplet during oscillation is damped by dissipative 
forces associated with viscous dissipation and contact line pinning. The 
Hookean restoring force (Fext) can be expressed in terms of the magnetic 
spring constant (k) as following 
 

Fext = – dUtotal /dx = –μ0Vcx(M+H (dM/dH)) ≈ – kx                                       (3.1) 
 
The magnetic field induced normal force (FN) acting on the droplet in the z-
direction is sum of gravitational and magnetic force and is written as 
 

FN = – dUtotal /dz  = μ0V(dH/dz) (M+H(dM/dH)) – mg                                  (3.2) 
 
The shape of the droplet depends on its proximity with the magnet; it starts to 
acquire a more flattened shape with higher contact area as the normal force 
increases leading to an increase in the dissipative forces. 

Capturing damped droplet oscillations makes it possible to extract 
parameters like contact angle hysteresis force and viscous dissipation 
coefficient which give an indication of pinning and viscous damping, 
respectively.  The dissipative forces are determined by tracking the droplet 
position with time and fitting the acquired position x(t) with the solution of the 
general harmonic oscillator as follows 
 

m (d2x/dt2) = –kx – Fη ± Fμ                                                                                  (3.3) 
 
Fη = 2β(dx/dt) is the viscous force, (β) is viscous damping coefficient and Fμ  = 
μmg is the CAH force, (μ) is CAH force coefficient. Equation 3.3 is re-
arranged as second-order linear differential equation 
 

d2x/dt2 + 2(β/m) (dx/dt) + (k/m) (x ± (μmg/k)) = 0                                      (3.4) 
 
New variable y(t) is defined as follows  
 

y(t) = x(t) ± (μmg/k)                                                                                             (3.5) 
 
It is clear from Equation 3.5 that d2y/dt2 = d2x/dt2. Setting β/m = λ, 
Equation 3.4 can be written as follows 
 

d2y/dt2 + 2 λ (dy/dt) + (k/m) y = 0                                                                    (3.6) 
 
The roots of the characteristic equation R2 + 2λR +   = 0 are R = – λ ± iω. ω 
=  is the angular frequency of the damped harmonic motion and ω0 = 

 is the natural angular frequency of the oscillation. Solution to 
Equation 3.6 can be formulated according to the value under the square 
root. There are three distinct cases, which are the underdamped motion (ω0 > 
λ), the overdamped motion (ω0 < λ), and the critically damped motion (ω0 = λ). 
If ω0 > λ, the characteristic roots are imaginary and the general solution for 
Equation 3.6 is 
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y(t) = A cos(ωt) + B sin(ωt)                                                                     (3.7) 
 
A and B are arbitrary constants. This solution can be expressed as following 
 
y(t) = C cos(ωt – φ)                                                                                           (3.8) 
 
Using Equation 3.5 and Equation 3.8, the solution for x(t) is given as 
 
x(t) = C  cos(ωt – φ) ± (μmg/k)                                                                      (3.9) 
 
If ω0 < λ, the characteristic roots are real. The solution to Equation 3.6 is 
 

y(t) = A + B                                                               (3.10) 
 
In the case of critically damped motion i.e. when ω0 = λ, the characteristic 
equation has repeated roots; – λ, – λ. The solution is 
 
y(t) = A  + Bt                                                                                              (3.11) 
 
The overdamped and the critically damped motions do not exhibit oscillations. 
It is noteworthy that the critically damped motion is known to exhibit the 
fastest return to the equilibrium position after disturbance.  

The ferrofluid droplet confined within the magnetic potential well of the 
permanent magnet undergoes underdamped oscillations. Figure 3.7 shows a 
schematic illustration of the forces acting on the droplet during the oscillatory 
motion on a superhydrophobic surface. These forces are the Hookean 
restoring force (-kx), dissipative forces (Fμ +Fη), the normal force (FN) and the 
substrate force (FS). 

The solution to Equation 3.4 can be expressed in terms of each half-
oscillation n as101,109  
 
x(t) = x(nT/2 + τ) = xn+1(τ),           0 ≤τ ≤ T/2                                                     (3.12) 
 
xn+1(τ) = (–1)nA0{  [(1+F͂) – 2F͂ ]

)) + F͂}                                                                                                (3.13) 

T = 2π/ω is the period of the oscillation, A0 is the starting amplitude,  is the 
dimensionless viscous dissipation coefficient ( ), F͂ is the 
dimensionless CAH force (F͂ = Fμ/kA0), and n = 0,1,2,… is the number of half-
oscillations already completed. For example, n = 2 represent the state where 
the droplet has completed a full oscillation cycle and the third half-oscillation 
is initiated with τ = 0 and τ = T/2 being the initial and final points of the half-
oscillation, respectively. The desired parameters Fμ = F͂kA0 and  are 
extracted by fitting the experimental data with the harmonic oscillator model. 
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Figure 3.7. Schematic representation of magnetic water droplet oscillation on a 

superhydrophobic surface. a) Tracking the position of the ferrofluid droplet with 
time during the oscillatory motion. b) External (Fext), normal (FN), substrate (FS) 
and dissipative forces (Fμ + Fη) acting on the ferrofluid droplet in motion. 

There are several parameters that can be used to describe the oscillatory 
motion. The damping ratio (ζ) describes how rapidly the free oscillations 
decay. In other words it is a measure of the level of damping in a system 
relative to the critical damping. It is a dimensionless parameter defined as the 
ratio of the damping coefficient (c) to the critical damping coefficient (cc).  The 
oscillatory motion after a disturbance can be classified according to the value 
of the damping ratio; undamped motion (ζ = 0), underdamped motion (ζ < 1), 
overdamped motion (ζ > 1), and critically damped motion (ζ = 1). 

Knowing that β = c/2 and cc = (2 ), which is derived from the critically 
damped motion condition (ω0 = λ), the damping ratio can be written as 
 
ζ = c/cc = c/(2 ) = β/( )                                                                          (3.14) 

 
The quality factor (Q) is another parameter used to determine the qualitative 
behavior of the damped oscillator. It is defined as the ratio of the energy stored 
to the energy dissipated in one radian of the oscillation. This is equivalent to 
2π times the ratio of the energy stored to the energy lost in a single cycle of 
oscillation 
 

Q = 2π (Energy stored/Energy lost per cycle) = 2π (E/–ΔE)                      (3.15) 
 
The energy loss during one cycle of oscillation is –ΔE = – (∂E/∂t)T. The energy 
of the oscillator is proportional to the square of the amplitude of the oscillation 
so the decay of energy is proportional to . The decaying energy is given 
as E = E0 , where E0 is the energy value at τ = 0 and n = 0. 

Using Equation 3.15, we find that  
 

Q = 1/2  = mω/2β                                                                                                (3.16) 
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For underdamped oscillations with large values of Q and , the quality
factor is approximately the number of radians through which the damped 
system oscillates as its energy decays to E = E0 . 

It can be seen from Equation 3.14 and Equation 3.16 that the quality 
factor can be expressed in terms of the damping ratio 
 

Q = 1/(2ζ)                                                                                                                (3.17) 
 
Freely decaying oscillations enable quantification of energy dissipation as 
function of the normal force. Defects and chemical heterogeneities are probed 
by conducting repeated oscillations with increasing normal force. Thus a 
relation between dissipative forces and the contact line length or contact area 
is established. An example of single droplet oscillation measurement is shown 
in Figure 3.8. During this specific measurement the droplet was subjected to 
a normal force of FN = 190 ± 16 μN.  The parameters obtained from the 
measurement are: μ = 0.0303, β = 7.8065 μN/ms-1, ζ = 0.0656 and Q = 7.622. 
Multiple measurements with increasing normal force yield the desired 
parameters distinct to each measured surface. 

Depending on the solid-liquid fraction value of the superhydrophobic 
surface, increasing the normal force can either result in Cassie-to-Wenzel 
transition or highly damped oscillation limiting the number of measurements 
that can be implemented. 

The procedure of measurements begins with dispensing a 5 μL ferrofluid 
droplet on the surface by using a fixed needle at a distance well above the 
magnet where the normal force is weak. Then the stage with surface attached 
to it was lowered to a level where the droplet can experience a significant 
restoring force that can bring the droplet into oscillations. Droplet oscillation 
was initiated by moving the magnet in the lateral direction by 20 mm at 120 
mm/s to displace the droplet from the initial equilibrium position. The 
oscillations were captured at 1000 fps with the high-speed camera. To avoid 
the influence of droplet evaporation on the measured results, a maximum of 
three successive oscillations were captured in a single measurement. The 
surface was washed with DI-water and dried with N2 flow before depositing a 
new droplet for a new measurement. For each subsequent measurement the 
surface was lowered 2 mm towards the magnet to perform experiments with 
an increased normal force. 
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Figure 3.8. Droplet oscillations on a superhydrophobic surface. a) Scanning electron 
micrograph of the micropillared surface treated with 
perfluorododecyltrichlorosilane. Diameter of the pillars: 10 μm and pitch: 90 μm. 
Scale bar 20 μm. b) Oscillatory motion of a magnetic droplet on the micropillared 
surface shown in (a). 

The droplet either undergoes transition to the Wenzel state or the oscillation 
becomes heavily damped as the normal force increases. This sets a limit to the 
range above the magnet within which obtaining the desired parameters from 
the oscillations is feasible. The amplitude of the droplet oscillation decreases 
as the normal force exerted on the droplet increases as a result of higher 
magnetic field strength. Figure 3.9 depicts the variation of the calculated 
magnetic field strength in the transverse direction within the droplet 
oscillation region. At moderate values of the normal force, i.e. when the gap 
between the droplet and the surface of the magnet is 28 mm, the transverse 
displacement of the droplet during oscillations is confined within a distance no 
greater than 10 mm on each side of the central axis of the magnet as shown in 
Figure 3.8b. This distance is shortened to approximately 5 mm as the 
magnetic field induced normal force approaches 260 μN. The magnetic field 
strength changes only by 4.17 % at a lateral distance of 5 mm from the center 
axis of the magnet, when the droplet is subjected to a normal force of 355 ± 43 
μN (Figure 3.9). Therefore, the magnetization of the droplet is assumed to be 
constant within the oscillation region and the nonlinear term in the magnetic 
spring constant (Equation 3.1) can be neglected. 
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Figure 3.9. Calculated magnetic field strength as a function of the distance (x) from the center 

axis of the magnet for five different levels above the magnet at which 
measurements by droplet oscillations are performed. The normal force exerted on 
the droplet increases within the droplet oscillation region as the distance (z) 
between the droplet and the surface of the magnet decreases. 

Characterization of superhydrophobic surfaces by droplet oscillations will be 
elaborated in the next chapter. 
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4. Oscillations and Energy Dissipation 
of Magnetic Droplets on 
Micropillared Superhydrophobic 
Surfaces  

Optimization of superhydrophobic surfaces requires reliable and precise 
characterization of surface non-wettability. Limitations associated with 
contact angle goniometry in superhydrophobic surface characterization 
include uncertainty in pinpointing the baseline and difficulty in attaining a 
symmetric drop shape throughout ACA and RCA measurements due to 
stronger affinity of the droplet to the needle than the surface. This chapter 
(Results of which presented in publication I) describes in detail the application 
of oscillating droplet tribometer as an alternative technique for 
superhydrophobic surface characterization. 

  Fundamental parameters affecting the degree of surface non-wettability are 
topography and surface chemistry. Probing surface parameters is enabled by 
using free-decay oscillations of magnetic droplets confined in a harmonic 
magnetic potential well. Dissipative forces that influence energy dissipation 
such as CAH force and viscous force are extracted by analyzing droplet 
oscillations. Superhydrophobic surfaces are characterized by monitoring the 
dependence of energy dissipation to surface parameters. 

  To validate the sensitivity of the characterization technique, it is important 
to perform a systematic study of droplet oscillations on superhydrophobic 
surfaces with well-defined topography. In the study, measurements are 
repeated on surfaces that are similar in surface structure and subjected to the 
same chemical modification procedure but differ only in solid-liquid fraction. 
Thus the effect of solid-liquid fraction on the energy dissipation can be 
quantified. On the other hand, conducting measurements on surfaces that 
have similar surface structure but each subjected to a different chemical 
modification treatment allow quantifying the effect of chemical modification 
on the energy dissipation. 

  The influence of the solid-liquid fraction or chemical modification is 
investigated by using micropillared surfaces of similar pattern geometry and 
topography but each with unique pitch value or subjected to distinct chemical 
modification procedure. 

For each surface, oscillations are repeated at incrementally decreasing 
separation between the superhydrophobic surface and the magnet. This way, 
the robustness of Cassie state of a droplet in motion is evaluated while energy 
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dissipation parameters are extracted from each captured oscillation. 
Remarkably, every variation in surface chemistry or pattern density is probed 
successfully witnessing the high sensitivity of the measurement technique. 
Moreover, repeated measurements on any sample yield consistent results. 

4.1 Fabrication of micropillared surfaces 

Micropillared surfaces were fabricated by implementing bulk micromachining 
process involving photolithography and silicon etch. First, adhesion promoter 
hexamethyldisilazane (HMDS) was applied to silicon wafers before spin-
coating of positive photo-resist AZ5214E at 4000 rpm for 30 sec. Next, the 
wafers were soft baked on a hot plate for 2 min. at 90°C, followed by UV 
exposure through glass mask by UV dose equal to 50 mJ/cm2 using Karl – 
Süss MA-6 mask aligner. After exposure, the wafers were immersed into the 
developer solution AZ351B:H2O (1:5) for 1 min. followed by water rinsing and 
a hard baking on a hot plate for 3 min. at 120°C. 

  The patterned photo-resist layer was transferred into the underlying silicon 
substrate by physical-chemical dry etch process known as reactive ion etch 
(RIE). Anisotropic etching of silicon pillars was accomplished by a variant of 
RIE called inductively coupled plasma deep reactive ion etch (ICP-DRIE). In 
this process high density plasma is generated by powerful radio frequency 
(RF) of 600 W. A mixture of SF6/O2 was used and the flow rates were adjusted 
at 134 standard cubic centimeters per minute (sccm) for SF6 and 10 sccm for 
O2. Collisions of electrons with gas molecules produces etchant species, which 
are fluorine atoms (F), excited atoms (F*), molecular fragments (SFx*) and ions 
(F+, SFx+). O2 is added to the chamber to prevent SFx* from recombining to SF6, 
thus increasing the concentration of F*. The wafer electrode is biased by 
another RF source at 10 W. Reactive ions are accelerated to the surface of the 
wafer by the self-bias that develops between the surface and the plasma. 
Fluorine reacts with silicon to produce volatile etch product (SiF4). This 
reaction result in isotropic etching of silicon. Alternating etching by ion 
bombardment and passivation by deposition of octafluorocyclobutane (C4F8) 
inhibitor is the preferred DRIE technique for etching of high aspect ratio (AR) 
structures. This etch technique is called Bosch process, where good anisotropy 
is achieved by balancing the inhibitor deposition and removal. Silicon etch was 
carried out in advanced silicon etching (ASE), Surface Technology Systems 
LTD (STS). The duration of the total etch cycle is 20 sec. (etching: 13 sec. and 
passivating: 7 sec.) and the etch rate is 2 μm/min. Etch proceeds in vertical 
direction facilitated by removal of the passivation layer from the bottom by 
impinging ions from SF6 in the plasma. The passivation layer lingers on the 
sidewalls protecting it from the reactive species. During passivation step, the 
protecting layer is recovered at the bottom by C4F8 in the plasma before rapid 
removal by subsequent etch step. After complete etch, the resist layer, which is 
the etch mask was stripped by sonication in acetone for 15 min. followed by 
ultrasonic cleaning in isopropanol for 3 min. and cleaning in water for 5 min. 
Finally the remaining resist residues were removed by Piranha solution H2SO4: 
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H2O2 (5:1) for 12 min. at 110°C. The Piranha treatment is important not only 
for removing the resist residues but also it provides a surface with hydroxyl 
terminated groups, which is essential for the reaction of low surface energy 
monolayers. This will be illustrated in the next section.  

  Figure 4.1 shows SEM inspection of the micropillared surface produced by 
the fabrication process. The processed wafer contains multiple fields each with 
a unique spacing value between the pillars. Droplet oscillation experiments 
were performed on five different fields of 10 μm diameter pillars. The pitch 
values of the different fields are 50 μm, 60 μm, 70 μm, 80 μm and 90 μm 
corresponding to solid-liquid fraction (φs) values of 3.14 %, 2.18 %, 1.60 %, 
1.23 % and 0.97 %. The solid-liquid fraction values are calculated from 
Equation 2.15 multiplied by 100, which refer to the percentage of area 
fraction wetted by the drop in Cassie state. 

 

 

Figure 4.1. Scanning electron micrograph of the micropillared surface manufactured by the   
Bosch process. a) Array of 10 μm diameter pillars. Solid fraction of the surface is 
1.23%. b) Zoom-in micrograph of a single silicon pillar.  

Superhydrophobicity was characterized by measuring RCA and ACA of the 
micropillared surfaces. The results of the characterization are listed in Table 
1.  
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Table 1.  Advancing contact angles, receding contact angles and contact angle hysteresis of 
water droplets measured on micropillared superhydrophobic surfaces of varying solid fraction. 
The values represent  an average of three measurements  repeated  at different spots on the 
substrates. Reproduced with permission from publication I. Copyright @ 2017 John Wiley & 
Sons, Inc.

Solid-liquid 
fraction φs 

ACA (o) RCA (°) CAH (°) 

3.14 % 170.3 ± 0.8 156.8 ± 1.7 13.5 ± 1.9 

2.18 % 171.4 ± 1.0 157.2 ± 1.3 14.2 ± 1.6 

1.60 % 170.2 ± 0.8 160.0 ± 0.6 10.2 ± 1.0 

1.23 % 170.5 ± 0.3 160.6 ± 2.0 9.9 ± 2.0 

0.97 % 171.5 ± 1.8 164.3 ± 1.3 7.2 ± 2.2 

It can be concluded from Table 1 that CAH decreases with the solid fraction. 
However, contact angle goniometry measurement yields higher CAH value for 
a surface of φs = 2.18 % compared with surface of φs = 3.14 %. Moreover, 
comparable CAH values obtained from surfaces of φs = 1.60 % and φs = 1.23 %.  
The accuracy of the contact angle goniometry cannot be captured by the 
reported standard deviations in Table 1. The contact angles are so high that a 
baseline shift up or down by one pixel result in a change of up to 5°.108 

Force based techniques offer orders of magnitude better sensitivity in 
superhydrophobic surface characterization. As we will see in this chapter, 
droplet oscillation method enables measurement of a CAH force as low as 1.83 
± 0.089 μN on the micropillared superhydrophobic surfaces. In addition, the 
method can easily probe variation in solid-liquid fraction or applied chemical 
coating across multiple samples. These advantages allow distinction between 
superhydrophobic surfaces with seemingly comparable values of CAH. 

4.2 Surface modification

Chemical vapor deposition (CVD) refers to the thin film formation from 
reactions that take place at the surface. An example of CVD is surface 
modification with low-energy self-assembled monolayers (SAMs). Covalent 
bonding between head groups of SAMs and surface groups results in 
molecularly thin film layer. CVD was used to treat the fabricated micropillared 
surfaces to impart superhydrophobicity to the structure. This was achieved by 
application of two different variations of CVD processes, which are vapor-
phase SAMs deposition and plasma enhanced CVD (PECVD). In addition, 
solution-phase SAMs deposition was also implemented.  

  Prior to vapor-phase deposition of 1H,1H,2H,2H- 
Perfluorododecyltrichlorosilane (FDTS) (CF3(CF2)9CH2CH2SiCl3) at 
atmospheric pressure, piranha treatment was conducted to obtain 
hydroxylated Si/SiO2. FDTS molecule consists of trichlorosilane based head 
group (-SiCl3), spacer chain –(CF2)9(CH2)2– and trifluoromethyl (-CF3) 
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terminal group. The trichlorosilane based head groups react with the hydroxyl 
groups on the surface releasing hydrogen chloride. This process step generates 
rigid and stable thin film layer because FDTS is able to form monolayers that 
are strongly linked by Si–O–Si bonds 110–114 as shown in Figure 4.2. 

Figure 4.2. Sketch depicting the process of self-assembly and covalent bonding of hydrophobic 
monolayers. a) Hydroxylated silicon surface after Piranha treatment. b) Reaction of 
perfluorododecyltrichlorosilane with the hydroxyl groups. 

After sample preparation step, which involved Piranha treatment followed by 
water rinsing and drying under stream of N2, the micropillared silicon surface 
was placed inside a glass Petri dish that was closed with a lid. Solid granulates 
of FDTS with melting point of 50-55°C are located in the vicinity of the sample 
inside the Petri dish, which was placed on a hot plate maintained at 85°C. The 
vapors of melting granulates diffuse to the surface where the reaction occurs 
forming the molecular layer. 

  SEM characterization of the micropillared structure after surface 
modification with FDTS is shown in Figure 4.1. 

  Alternatively, micropillared surfaces can be rendered superhydrophobic by 
methyl-terminated silane SAMs using solution-phase approach. In this case 
octadecyltrichlorosilane (ODTS), which has trichlorosilane based head group 
similar to FDTS, – (CH2)17 – spacer chain and methyl terminal group was used 
for surface modification. 10 mM solution of ODTS was prepared by dispensing 
100 μL of ODTS to 25 mL of toluene in N2 environment inside a glovebox. The 
micropillared samples were immersed in the solution after the Piranha 
treatment. After a treatment time of 1-4h, the samples were cleaned in fresh 
toluene followed by cleaning in acetone and then in isopropanol.   

  The solution-phase approach was also applied for the surface modification 
of polymeric thiol-ene micropillars decorated with colloidal micro- and 
nanoparticles (Figure 1.5). As illustrated in publication III, 
superhydrophobicity is induced by grafting of 1H,1H,2H,2H- 
Perfluorodecanethiol (FDT) (CF3(CF2)7CH2CH2SH) SAMs onto the surface by 
photo “click” thiol-ene reaction. The polymeric samples were immersed in 5 
vol. % solution of FDT, in ethanol (250 μL FDT in 5 mL ethanol).  

  The third approach for surface modification is the deposition of Teflon®-
like thin film layer (CF2)n. Plasma enhanced CVD (PECVD) using 
Trifluoromethane (CHF3) source gas was used to deposit the thin film polymer 
layer. This process, which is referred to as polymer growth, is similar to the 
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application of the passivation layer in the Bosch process. PECVD deposition 
was carried out in Plasmalab 80+, Oxford Instruments.   

 Deposition parameters are: Flow rate of CHF3= 100 sccm, power to platen = 
50 W, set pressure = 30 mTorr and deposition time = 5 min.  Deposition rate ≈ 
6 nm/min. 

4.3 Energy dissipation of magnetic droplets on micropillared 
superhydrophobic  surfaces 

In this section a systematic study aims at measuring the dissipative forces is 
presented. The main advantages of droplet oscillation technique for precise 
probing of factors affecting the degree of surface superhydrophobicity are: 

  1) Variation in dissipative forces directly reflects inhomogeneity or existing 
variation of a giving surface property across a series of measured surfaces. 

  2) Offers capability to independently control lateral and normal forces 
acting on the dynamic droplet. 

In publication I, investigation of dynamic superhydrophobicity was done by 
performing droplet oscillations on micropillared surfaces of different values of 
solid-liquid fraction (φs). Water based ferrofluid was produced by synthesizing 
superparamagnetic iron oxide nanoparticles in water using coprecipitation 
method. The nanoparticles were stabilized with citric acid near pH 7.115,116  
Next, the ferrofluid was diluted with Milli-Q water to concentrations of 0.2 vol. 
% (dilute ferrofluid) and 4 vol. % (concentrated ferrofluid). The density and 
viscosity of the aqueous ferrofluid increase as the volume percentage of the 
magnetic particles increases. For the 4 vol. % ferrofluid, the density is 1.157 
g/cm3. The saturation volume magnetization for the 4 vol. % ferrofluid is 14 
kA/m and increases linearly with the density. The measured surface tension 
for the 4 vol. % is 69.9 ± 1.4 mN/m.  The viscosity can be predicted by Einstein 
model according to which the increase in viscosity is 5Φ/2, where Φ is the 
volume fraction of the dispersed solid.117 In addition, the alignment of the 
magnetic particles in an external magnetic field contributes to an additional 
increase of viscosity corresponding to 3Φ/2 at maximum according to Hall-
Busenberg model.118 Thus the estimated viscosity for the 4 vol. % ferrofluid is 
16 % higher than that of pure water. On the other hand, the measured physical 
parameters for the 0.2 vol. % ferrofluid deviate no more than 0.7 % for density 
and 4 % for viscosity when compared to pure water.101 The measured value of 
surface tension is 72.6 ± 0.3 mN/m.101 Judging from the mentioned 
parameters, the ferrofluid used in this work was diluted to such extent so its 
physical properties do not deviate significantly from water so the measured 
energy dissipation reflects that of pure water. 

  For each surface multiple oscillations were performed with increasing 
contact line length enabled by adjusting the normal force so the energy 
dissipation of the dynamic droplet under well-defined forces is measured. This 
way, the range of measurements for a surface of a given geometrical 
parameters is determined. Giving that the droplet is in Cassie state and the 
dissipation forces are not too large compared with the magnetic restoring force, 
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quantitative values for CAH and viscous dissipation forces are obtained from 
the damping rate of freely decaying oscillations. These conditions are fulfilled 
for the oscillation shown in Figure 4.3a. Initiating droplet motion at large 
normal force can either induce CW transition (Figure 4.3b) or result in 
oscillations that are too strongly damped for analysis. 

 

Figure 4.3. Droplet oscillation and wetting transition of a magnetic droplet on micropillared 
surface with φs = 1.23 %. a) Tracking droplet position with time of the transverse 
oscillation. The normal force is FN = 210 ± 20 μN.  b) Cassie-to-Wenzel transition of 
the dynamic droplet in motion subjected to a normal force of FN = 430 ± 60 μN. 
Lower inset shows the time interval of the wetting transition. Reproduced with 
permission from publication I. Copyright @ 2017 John Wiley & Sons, Inc. 

The influence of φs on the rate at which oscillation decay due to total energy 
(sum of magnetic potential and kinetic energies) dissipation  is shown in 
Figure 4.4.  
 

 
Figure 4.4. a) Scanning electron microscopy images of silicon micropillared superhydrophobic 

surfaces each with distinct value of solid fraction. b) Profiles of magnetic droplet 
free-decay oscillation performed on the four surfaces shown in (a). The magnetic 
droplets are subjected to an equal normal force to reveal the dependency of solid 
fraction on the damping rate of the oscillation. Reproduced with permission from 
publication I. Copyright @ 2017 John Wiley & Sons, Inc. 

Energy dissipation, which is balanced between CAH force and viscous 
dissipation, is higher for surfaces with increasing pillar density. The rate at 
which these oscillation decay determines the dissipative forces by fitting 
droplet position with time x(t) with the solution of the general harmonic 
oscillator (Equation 3.3).  
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Characterization of superhydrophobic surfaces by free-decay oscillation 
involves repeating the oscillations with increased normal force on each surface 
shown in Figure 4.4a. Results of surface characterization using both dilute 
and concentrated ferrofluids are presented in publication I. 

  CAH force (Fμ) and viscous dissipation coefficient (β) are extracted from 
droplet oscillations and plotted against the droplet contact line length and 
contact area, respectively (Figure 4.5). The values of the contact line length 
and contact area are calculated from the Young-Laplace equation. The 
calculated values used in Figure 4.5 are multiplied by φs because it is 
assumed that the droplet is only in contact with the pillar tops during 
oscillations. The contact line length and contact area increase with the normal 
force causing a monotonic increase in the measured CAH force and viscous 
dissipation as shown in Figure 4.5. 

  Measurements on surfaces of 10 μm diameter pillars with solid-liquid 
fraction values beyond the range 0.78 % < φs < 3.14 % are not feasible using 
the setup presented in Figure 3.5. Oscillations performed on micropillared 
surface with φs = 3.14 % are strongly damped for analysis and therefore 
disregarded. On the other hand, drop undergoes CW transition on a surface 
with φs = 0.78 %. 

 

 
Figure 4.5. Dissipative forces obtained from measurements conducted on micropillared 

superhydrophobic surfaces each with distinct value of solid-liquid fraction. The 
surfaces are treated with perfluorododecyltrichlorosilane (FDTS). a) CAH force 
(Fμ) as function of the contact line length (L). b) Viscous dissipation coefficient (β) 
as function of the drop contact area (A). Reproduced with permission from 
publication I. Copyright @ 2017 John Wiley & Sons, Inc. 

It is evident from Figure 4.5 that viscous dissipation increases with increased 
contact area and φs. The droplet is experiencing slip-rolling motion during 
oscillation across the micropillared superhydrophobic surfaces. Pure rolling 
motion state is not achieved at any point during the oscillation. However, 
droplet rotation was noticed at the end of each half-oscillation before the 
direction of motion is reversed.101 The influence of the contact area extends 
into a droplet in pure rolling motion to fill a volume (V~R3), near the contact 
area of radius R, known as Hertz volume.119 Since the ferrofluid droplet does 
not reach steady-state rolling motion, we assume that viscous dissipation does 
not spread far from the contact area to fill the Hertz volume and thereby 
becomes proportional to the contact area. Hence, the increase of viscous 
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dissipation is dominated by the effect of contact area increase rather than 
droplet height decrease as the normal force increases. In addition, it has been 
shown through numerical simulation that the center-of-mass velocity of a 
droplet in slip-rolling motion state increases steadily with the droplet size.120 
The velocity value plateaus as the size of the droplet approaches the capillary 
length.120 At this stage, the droplet deviates from the spherical shape and 
becomes more flattened. A ferrofluid droplet becomes more flattened as the 
normal force increases. Therefore it can be assumed that the effect of droplet 
size on the center-of-mass velocity becomes negligible as the normal force 
increases even if the size of the droplet is less than the capillary length. 

The influence of solid-liquid fraction on the droplet oscillation can also be 
captured by the damping ratio (ζ) and the quality factor (Q) as depicted in 
Figure 4.6. Droplet oscillations subjected to a normal force FN = 229 ± 22 μN 
exhibit higher damping ratio and lower quality factor as solid-liquid fraction 
increases. 

 

Figure 4.6. Damping ratio (ζ) and quality factor (Q) extracted from oscillations subjected to a 
constant normal force. The measurements are conducted on four micropillared 
surfaces each with distinct value of the solid-liquid fraction. a) Damping ratio vs. 
solid-liquid fraction. b) Quality factor vs. solid-liquid fraction. 

The obtained results shown in Figure 4.5 indicate the success of force based 
measurements in eliminating the uncertainty of non-wettability 
characterization because each surface yields unique values of dissipative 
forces.  

The values of the measured CAH force (Fμ) are compared in Table 2 with 
the calculated CAH force (FCAH) values obtained from Equation 2.27 using K 
= 48/π3, contact angle values listed in Table 1  and R =  LTCL /2π, where LTCL  
is the calculated contact line length at 24 mm above the magnet.  
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Table 2. Comparison of the calculated values of contact angle hystereis force (FCAH) with the 
measured values of contact angle hysteresis force (Fμ). The measured values are extracted 
from droplet oscillations at 24 mm above the magnet. The oscillations conducted on different 
micropillared superhydrophobic surfaces each with distinct value of solid-liquid fraction.  

Solid-liquid 
fraction φs 

FCAH [μN] Fμ [μN] 

2.18 % 5.43 4.10 

1.60 % 3.71 3.52 

1.23 % 3.31 2.31 

0.97 % 2.06 1.91 

 
The versatility of the oscillation method was also used to quantify the influence 
of chemical modification on the dissipative forces. Droplet oscillation 
measurements were conducted on three micropillared surfaces, all share the 
same value of solid-liquid fraction φs = 1.23 %. The first was subjected to 
fluoropolymer deposition by PECVD. The second was treated with ODTS by 
solution-phase process, whereas the third was treated with FDTS by vapor-
phase process. Results of the characterization, which are presented in Figure 
4.7, show that surfaces treated with SAMs exhibit lower Fμ compared with the 
values obtained from the surface coated with Teflon®-like fluoropolymer by 
PECVD. Moreover, droplet oscillation method allows probing the difference 
between surface treatment with FDTS by vapor-phase CVD and treatment with 
ODTS by solution-phase process as shown in Figure 4.7a. 

In contrast to experiments conducted on surfaces with varied solid-liquid 
fraction, viscous dissipation, which is related to the contact area of the drop, is 
not influenced by variation of chemical surface modification as shown in 
Figure 4.7b. 
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Figure 4.7. Dissipative forces obtained from droplet oscillation measurements conducted on 

micropillared superhydrophobic surfaces each subjected to distinct surface 
modification procedure. Solid fraction is 1.23 %. a) CAH force (Fμ) as function of 
contact line length (L). b) Viscous dissipation coefficient (β) as function of the drop 
contact area (A). (Al-Azawi et al. unpublished). 

It is worth mentioning that the contact line fraction of the dynamic droplet on 
the micropillared superhydrophobic surfaces was assumed to be equal to the 
solid-liquid fraction φs. This assumption is based on the approximation of 
circular three-phase contact line of the droplet on the micropillared 
superhydrophobic surface. The value of contact line fraction (κ = L/ LTCL) was 
estimated by employing a simple simulation where a circle of a random size is 
generated at a random location on an array of pillar tops whose dimensions 
are similar to those of the fabricated micropillars. The result of two simulation 
runs of the three-phase contact line on two arrays one with φs = 0.0218 and 
the other one with φs = 0.0097 is displayed in Figure 4.8.  Intersection points 
of the contact line with the top surface of the pillars are indicated by the red 
markings. The simulation shows that the contact line intersects with six pillars 
on the array with φs = 0.0218, on the other hand it intersects with three pillars 
on the array with φs = 0.0097. For each array, the simulation was repeated 30 
times. The obtained values of the contact line fraction are 0.0215 ± 0.0095 for 
the array with φs = 0.0218 and 0.0110 ± 0.0076 for the array with φs = 0.0097. 
Additionally, the contact line fraction values for the arrays with φs = 0.016 and 
φs = 0.0123 are 0.0149 ± 0.0060 and 0.0163 ± 0.0057, respectively. 
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Figure 4.8. Simulation of the three-phase contact line on the pillar arrays. Contact line fraction 
is calculated by finding the portion of the contact line length, which is in contact with 
the pillar tops. a) Pillared surface of solid-liquid fraction equal to 0.0218. The 
calculated value of the contact line fraction is 0.0215 ± 0.0095. b) The solid-liquid 
fraction of the surface is equal to 0.0097 and the calculated value of the contact line 
fraction is 0.0110 ± 0.0076. 

The similarity between the contact line fraction and the solid-liquid fraction 
can be shown by describing the apparent contact angle on the 
superhydrophobic surface in terms of the contact line fraction.121 First, we 
must consider the formula for the work of adhesion (Wa) given by the Young-
Dupré equation122 
 

Wa = γSV + γ – γSL = γ(1+cosθ)                                                                              (4.1) 
 
Equation 4.1 refers to the work required to separate a water droplet from the 
solid surface. For a droplet on a composite air-solid superhydrophobic surface, 
the work of adhesion along the length of the three-phase contact line (WTPCL) is 
given by the Pease’s equation121,123 (Equation 4.2) 
 

WTPCL = WSL LSL+ WLV LLV                                                                                     (4.2) 
 
The work of adhesion along the contact line length of solid-liquid interface 
(LSL) is WSL, whereas the work of adhesion along the contact line length of 
liquid-vapor interface (LLV) is WLV. Applying Equation 4.1 into Equation 
4.2 yields121 
 
γ(1+cosθ) LTPCL = γ(1+cosθSL) LSL+ γ(1+cosθLV) LLV                                           (4.3) 
 
θ, θSL, θLV denote the apparent contact angle, the equilibrium contact angle on 
smooth solid surface, and the contact angle with air, respectively. Dividing 
Equation 4.3 by (LTPCL γ) and knowing that the solid-liquid and liquid-vapor 
contact line fractions are given by κs = LSL/LTPCL and κv = LLV/LTPCL, 
respectively, we obtain 
 

(1+cosθ) = (1+cosθSL) κs + (1+cosθLV) κv                                                            (4.4) 
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Noting that κs+ κv = 1 Equation 4.4 becomes121 
 

cosθ = κs cosθSL+ κv cosθLV                                                                                   (4.5) 
 
Equation 4.5 relates the apparent contact angle to contact line fractions and 
is based on the balance between the works of adhesion along the three-phase 
contact line.121 The similarity between the contact line fraction and the contact 
area fraction is evident when Equation 4.5 is compared to Equation 2.14, 
which relates the apparent contact angle to the contact area fractions. This 
similarity was verified by the estimation of the contact line fraction through 
the simulation presented in Figure 4.8. 

4.4 Cassie–to–Wenzel transition of magnetic droplets on 
micropillared superhydrophobic surfaces 

A major challenge in the application of superhydrophobic surfaces is the 
transition of the droplet from Cassie state to Wenzel state. Upon such 
transition, low droplet friction and high mobility is lost. A droplet in 
metastable Cassie state has to overcome threshold of energy barrier to be in 
Wenzel state. Hence, impalement of water-air interface is observed by 
applying pressure. In publication I, CW transition and its dependence on 
solid-liquid fraction is studied. It was observed that the pressure at which a 
droplet in motion undergoes transition on a surface of constant solid-liquid 
fraction is lower compared with a static droplet on the same surface. Critical 
pressure (Pc) is defined as the maximum sustainable pressure acting on the 
structure before CW transition occurs. It is reached by increasing the normal 
force for each subsequent droplet oscillation until the droplet undergoes CW 
transition. At the instance of transition, the total force exerted at the water-air 
interface is expressed in terms of the critical pressure as Pc(1 – φs)Ac, where Ac 
is the repeated unit area also denoted unit cell area illustrated in Figure 2.9. 
Up to the point of transition the total force is countered by the vertical 
component of the water-air interfacial tension acting on the cross-sectional 
perimeter (S) of the pillar and is given as –γScosθA. A unified expression of 
(Pc)72,80 valid for different values of solid-liquid fraction and pillar cross-
section is obtained by re-arranging Equation 2.21. 
 

                                                                                                         (4.6) 

 
When the total pressure inside the droplet exceeds Pc, the ferrofluid droplet 
undergoes transition to Wenzel state as the contact line depins from the side of 
the pillars. Analytically calculated Pc values are compared with CW transition 
pressure values that were determined experimentally for dynamic droplets as 
well as static droplets. The comparison is presented in Figure 4.9, where 
both analytical and experimental critical pressure values increase as the solid-
liquid fraction increases from φs =0.97 % to φs = 2.18 % (Figure 4.9a). 
Higher pressure values of CW transition compared with the analytical Pc 
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values can be attributed to contact line pinning to sidewall roughness  of the 
pillars (Figure 4.1b). 

  The applied pressure and φs relation to friction and wetting transition is 
presented through four regions (Figure 4.9b). Increasing the normal force 
induce either CW transition or heavily damped droplet oscillation depending 
on φs. On surfaces with low φs values, dynamic droplet is prone to collapse into 
Wenzel state. Oscillation may be heavily damped due to enhanced friction on 
surfaces with high φs values. Factors contributing to CW transition of the 
dynamic droplets at lower pressure values compared to static droplets may 
include fluid rotation inside the droplet, vibrations and variation in the 
magnetic field induced normal force.  

 

 
Figure 4.9. The influence of solid-liquid fraction of 10 μm diameter pillared surfaces on Cassie-

Wenzel transition. Ferrofluid (4 vol. %) is used in the experiments. a) Comparison of 
analytical calculated critical pressure to experimental Cassie-to-Wenzel transition 
pressure of both dynamic and static droplets. b) Different regions are categorized 
according to the effect of pressure and solid-liquid fraction on droplet oscillation and 
wetting transition. The regions are: droplet oscillation, heavily damped motion and 
Cassie-to-Wenzel transition of dynamic and static droplets. Reproduced with 
permission from publication I. Copyright @ 2017 John Wiley & Sons, Inc. 

By maximizing the value Pc, superhydrophobic surfaces can better withstand 
CW transition. Design considerations that can be taken into account when 
designing robust superhydrophobic surfaces are summarized in the following. 

  1) Increasing φs leads to higher Pc according to Equation 4.6. However, 
this results in an undesired increase of CAH. 

  2) Increasing the cross-sectional perimeter by changing the shape of 
micropillar’s cross-section while keeping φs and unit cell area Ac unaltered. For 
example, ~13 % increase in Pc is achieved if micropillars of square cross-
section are used instead of micropillars of circular cross-section.80 

  3) Reducing the scale of both cross-sectional area and Ac by factor (1/x) 
while keeping φs unaltered lead to (x) times increase in Pc. For example, Pc for 
a square array of 10 μm diameter pillars having φs = 0.0314 is 0.458 kPa. In 
comparison, Pc for a surface consisting of 50 nm (10 μm/200) diameter pillars 
that also arranged in square array and having similar solid-liquid fraction φs = 
0.0314, is 91.6 kPa. This value of Pc is comparable with the impact pressure of 
a rain drop, which is 10–100 kPa.80,124 Therefore surface topography of 
hydrophobic densely packed pillar like structure in the sub-μm range such as 
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the structure of the cicada wings (Figure 1.2) and the black silicon surface 
treated with hydrophobic coating (Figure 1.3) exhibit remarkable robustness 
making them efficient self-cleaning surfaces.  
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5. Responsive Superhydrophobic
Surfaces 

Advancement in research of superhydrophobicity requires development of 
fabrication processes that impart advanced functionalities to surfaces. 
Successful application of superhydrophobic surfaces requires certain 
capabilities like maintaining high droplet mobility, robustness against collapse 
to fully wetting Wenzel state, wear resistance and compatibility with different 
materials. Material of choice is therefore a key point for synthesizing 
superhydrophobic surfaces that besides of fulfilling fundamental capabilities 
can manifest expanded functionalities like responsive properties. 

  Nature provides several examples of surfaces with intriguing properties. 
Biomimicry is adopting smart solutions observed in nature by engineering 
surfaces that mimics these solutions. Among remarkable phenomena found in 
nature is the microscale ciliary structure covering organs such as cilia present 
on the respiratory passage and epithelial passage responsible for clearing 
mucus.125,126 The beat motion of this class of cilia induces motion and performs 
vital transportation processes.127 Another class of cilia is stationary cilia, which 
main function is sensing.128 

  Inspired by cilia, development of artificial stimuli-responsive surfaces has 
gained significant interest due to the potential of achieving enhanced sensing 
performance and fluid manipulation in analytical microsystems. Reversible 
switching on demand of surface topography can be triggered by thermal 
gradients,129 magnetic field gradient,130–133 electric field134 and mechanical 
force135,136 allowing multiple functions like tunable wetting,137 tunable light 
transmittance,138 tactile sensing,136 and tunable adhesion.139 Cilia inspired 
stimuli-responsive surfaces based on magnetically actuated pattern has 
emerged as a strong candidate due to 3D motion capability and the non-
invasive nature of the magnetic fields, which enable real-time manipulation 
without adversely affect the system in which they operate. This is especially 
beneficial for real-time manipulation of living cells.140,141 

Both polydimethylsiloxane (PDMS) and thiol-ene are polymeric flexible 
materials that offer excellent compatibility with existing microfabrication 
techniques and can accommodate magnetic particles easily. PDMS has several 
advantages including flexibility, transparency and biocompatibility,142,143 
however permeability constitute an issue.144 Thiol-ene is a viable alternative as 
it offers similar advantages such as flexibility and transparency but unlike 
PDMS it does not exhibit swelling in solvent due to the low permeability.145,146 
Moreover, thiol-ene features fast curing by UV exposure, ability to tune the 
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mechanical properties through composition chemistry and modification of 
surface chemistry or topography is achieved through reaction of surface 
groups.147–149 

  Tuning the surface and the mechanical properties of magnetic cilia to 
induce superhydrophobicity allows controlled droplet manipulation, which is 
important for different technological applications.132,138,150,151 Digital 
microfluidics,152 liquid collection153 and interfacing with biomatter154 are 
among applications that can benefit from remote control and real-time non-
destructive tuning of the pattern geometry. 

  Fabrication of magnetic cilia applied to droplet manipulation can be divided 
into two categories. A template-free bottom-up approach where the structure 
is defined by the intensity of the magnetic field lines shaping prepolymer 
mixed with magnetic particles into array of  micropillars along the direction of 
the magnetic field.131,150,155–158 In the second approach replica molding process 
is utilized to replicate the structure from a patterned mold.130,151,159–161 
Compared with the first approach, replica molding technique allows control 
over the pitch, the aspect ratio (AR) and the diameter of the cilia-like pillars. 
Despite the simplicity of the maskless method of the first approach, non-
uniform distribution of the magnetic ciliary structure adversely influences the 
application and limits the integration within microsystems. 

  This chapter focuses on fabrication and application of cilia-inspired 
magnetic micropillared surfaces for water droplet manipulation. Aspects such 
as tunability and elastic as well as surface properties are explored for both 
PDMS and thiol-ene cilia-inspired magnetic micropillars. 

5.1 Fabrication of magnetically responsive surfaces  

Fabrication of cilia-inspired PDMS and thiol-ene magnetic micropillars 
involves common process steps and materials. In both cases the fabrication 
process starts by preparing silicon micropillared master. The fabrication 
process of the master was elaborated in Section 4.1. Silicon was selected as 
the template material because high AR pillars are obtained easily using Bosch 
process (publication II and publication III). Fabrication of sub-10 μm diameter 
pillars having AR ≥ 8 using silicon micromachining is therefore preferred over 
using SU8 (epoxy based resist) micromachining. Achieving standing pillars of 
similar dimensions in SU8 is challenging due to bending and irregular 
deformation.162 

Following master fabrication, micromolding process is utilized to produce a 
PDMS template, which in turn is used to produce thiol-ene or PDMS 
micropillared surfaces by double replication process. Magnetic actuation is 
enabled by embedding superparamagnetic carbonyl iron particles (CIP) within 
PDMS or thiol-ene during the fabrication process. 

Except from template preparation, different process steps are tailored for 
each type of magnetic micropillars as presented in publication II and
publication III. In the following a step-by-step description of both PDMS and 
thiol-ene magnetic micropillars fabrication is given. 
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The PDMS template selected for the replication of PDMS magnetic 
micropillars, the process of which is presented in Figure 5.1, was treated with 
FDTS by CVD after oxygen plasma treatment (Figure 5.1a). Modifying the 
surface with low energy SAMs is a necessary step to ensure separation of 
PDMS magnetic micropillars from the substrate. Next, superparamagnetic 
carbonyl iron particles (CIP) were mixed with PDMS 50 wt. %. PDMS-CIP 
composite was then poured on to the template (Figure 5.1b) followed by 
placing a flat layer of cured PDMS that have similar dimensions to the 
template. The flat layer was pushed gently in order to squeeze the PDMS-CIP 
composite into the cavities. The assembly was then fixed on top of a 
permanent magnet before curing it in the oven (Figure 5.1c). This way, a thin 
layer of PDMS-CIP composite is confined between the flat layer and the 
template while the assembly is fixed above the magnet. After curing, the 
assembly was soaked in liquid nitrogen. The mismatch in thermal expansion 
coefficient between the PDMS template and the PDMS-CIP composite layer 
causes cleavage at the interface resulting in separation of the template from 
the CIP-PDMS composite attached to the flat PDMS layer (Figure 5.1d). This 
cryogenic separation yields a clean template where PDMS-CIP composite is 
confined within the cavities only. Afterwards, a new PDMS is prepared and 
poured onto the PDMS template and subsequently cured in the oven to form a 
substrate layer (Figure 5.1e). Unlike the surface of the template, the PDMS 
within cavities was not subjected to FDTS treatment. As a result, the substrate 
layer only binds to PDMS within cavities during curing. Finally, the template is 
manually separated from the substrate layer, which after separation has the 
magnetic pillar array attached to it (Figure 5.1f). At this point, the PDMS 
template can be re-used to produce another sample of magnetic micropillars.  

A weight ratio of 10:1(base elastomer: curing agent) was chosen in all of the 
PDMS processing. 
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Figure 5.1. Fabrication and characterization of PDMS magnetic micropillars. a) PDMS template 

obtained by micromolding and treated with hydrophobic self-assembled monolayer 
of perfluorododecyltrichlorosilane (FDTS). b) PDMS-carbonyl iron particles (CIP) 
composite applied onto the surface of the template. c) Backing layer of flat and 
cured PDMS is placed on top of the template and the assembly is fixed above a 
permanent magnet followed by curing in the oven. d) The assembly is soaked in 
liquid nitrogen causing cleavage of the PDMS-CIP composite layer at the interface 
with the PDMS template. e) Uncured PDMS is poured onto the template followed by 
curing to form a substrate layer. f) The substrate layer with the magnetic pillars 
attached to it is manually separated from the template in ethanol. g) Inspection of 
the PDMS template after the separation step (d) by optical microscopy. h) SEM 
characterization of the magnetic pillars (aspect ratio = 4.8) after separation from the 
template in step (f) and freeze drying. (Publication II). 

Cryogenic separation implemented in the fabrication process produces 
transparent templates where magnetic particles are confined within the 
cavities only. This was confirmed by optical microscope characterization of the 
template (Figure 5.1g). This process step eliminates the need of removing 
excess particles from the patterned template. After replication, only magnetic 
micropillars and not the sample as a whole respond to the magnetic field. 
Additionally, the template can be used multiple times for replication of the 
magnetic micropillar array. Visualization of such array was done by SEM 
(Figure 5.1h). 

  Photocurable thiol-ene has emerged as a viable option in the fabrication of 
polymeric microdevices due its remarkable features like the ability to tune 
surface as well as mechanical properties, fast curing, transparency, presence of 
reactive functional groups and compatibility with the established 
micromolding techniques.145,146 

Thiol-ene photopolymerization is based on the addition of thiol groups to 
allyl groups. The reaction can be triggered simultaneously by UV illumination 
or through radical initiator. The initial step of the reaction is the formation of 
thiyl radical by cleavage of S-H bond of a thiol functional group through 
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photolysis or radical initiator. The reaction continues by the addition of the
formed thiyl radical to an allyl functional group to form a carbon centered 
radical (propagation). Then the thiyl radical is regenerated by transfer of a 
hydrogen atom from another thiol functional group to the carbon centered 
radical (chain transfer). The thiyl radical continues propagation and chain 
transfer reactions. At the end, different radical-radical recombination 
reactions occur (termination).145–147 

In Publication III, a fabrication process for thiol-ene magnetic micropillars is 
developed. A schematic illustrating the fabrication steps is shown in Figure 
5.2a. Once the PDMS template was prepared (Figure 5.2a-i), it was placed 
inside a Petri dish and treated with oxygen plasma to clean and increase the 
surface energy of the template. Next, the selected thiol-ene mixture was 
poured into the Petri dish, which was placed on top of a permanent block 
magnet (Figure 5.2a-ii). Afterwards, thiol-ene mixed with CIP was pipetted 
onto the template followed by moving the magnet in contact with the backside 
of the Petri dish back and forth for 5 min. to drive CIP into the thiol-ene filled 
cavities (Figure 5.2a-iii). To improve the packing of CIP within the cavities, 
the Petri dish was subjected to two sonication steps, each with 80-90 sec. 
duration. First step was done without magnet followed by a sonication step on 
top of the magnet (Figure 5.2a-iv). CIP excess was then scraped off the 
template while it was placed on top the magnet and immersed in thiol-ene. A 
mixture of thiol-ene that has not been mixed with CIP was then added to the 
Petri dish after withdrawal of the same amount to refresh the thiol-ene layer 
above the template. UV flood exposure was then applied to cure thiol-ene 
(Figure 5.2a-v). Finally, the template was cut from the surrounding thiol-ene 
within the Petri dish and manually separated from the thiol-ene layer in 
ethanol (Figure 5.2a-vi). At this point the thiol-ene sample was ready for 
actuation. Implementing freeze-drying of thiol-ene sample after fabrication 
allowed SEM characterization of the arrays as shown in Figure 5.2b. In 
addition, characterization by optical microscopy allowed inspection of CIP 
distribution within thiol-ene micropillars (Figure 5.2c). The magnetic 
micropillars were collapsed by N2 flow prior to the characterization. 

Reliable fabrication of thiol-ene magnetic micropillar arrays constitutes a 
foundation for further modification. The tailorable properties of thiol-ene due 
to composition and reactive chemistry allow tuning of surface and elastic 
properties.  

Magnetic actuation of PDMS as well as thiol-ene micropillar arrays is 
presented in Section 5.2. Surface and elastic properties are detailed in 
Section 5.3.  
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Figure 5.2. Thiol-ene magnetic micropillars synthesis and characterization. a) Sketch of the 

fabrication process. i) The PDMS template is obtained from micropillared silicon 
master by soft lithography process. ii) Uncured thiol-ene without carbonyl iron 
particles (CIP) is poured onto the template. iii) The template is placed on top of a 
permanent magnet and uncured thiol-ene mixed with CIP is pipetted onto the 
PDMS template, which was immersed in thiol-ene. iv) Combination of sonication 
and magnetic field is applied to improve the distribution of CIP within thiol-ene filled 
cavities of the template. v) Curing of the thiol-ene layer by UV exposure. vi) 
Separation of the thiol-ene layer from the template in ethanol. b) SEM inspection of 
two arrays of thiol-ene micropillars after separation and freeze drying. The 
micropillars are identified according to the value of aspect ratio (AR). c) Optical 
microscopy characterization of the thiol-ene magnetic micropillars after separation 
and N2 flow reveals the distribution of CIP. Reproduced with permission from 
publication III. Copyright @ 2020 John Wiley & Sons, Inc. 

5.2  Bending of magnetic micropillars  

Powerful bending actuation of PDMS as well as thiol-ene magnetic 
micropillars is demonstrated in this section. Omnidirectional bending of the 
cilia-inspired magnetic micropillars was achieved by magnetic field gradients 
directed by a permanent magnet, which was controlled manually beneath the 
sample and in close proximity to it. Actuation of the pillars is demonstrated 
while the sample was immersed in a liquid medium to avoid pillar collapse 
caused by the capillary force acting on the free end of the pillars during 
evaporation of the liquid.163,164. The gap between the magnet and the sample 
was approximately 2 cm during actuation. Magnetic field strength measured 
with gauss meter is 150 – 200 mT. Magnetic actuation of PDMS magnetic 
micropillars is illustrated in Figure 5.3, which shows bending of micropillars 
of AR = 4.8 and AR = 8.8. 
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Figure 5.3. Actuation of PDMS magnetic micropillars. a) Schematic of the bending actuation by 

a permanent block magnet. b, c) Snapshot images of videos recorded by optical 
microscopy showing top view of magnetic actuation of the micropillar array in 
isopropanol (b) and silicone oil (c). The aspect ratio of the micropillars is 8.8. d, e) 
Snapshot images showing side view of magnetic actuation of micropillars of aspect 
ratio 4.8 and 8.8 in isopropanol (d) and silicone oil (e). The images are acquired 
from videos captured by optical microscopy. (Publication II). 

In silicone oil ([-Si(CH3)2O-]n, viscosity: 5 cSt, density: 0.913 g/mL) 
micropillars of AR = 4.8 bend to less extent compared with the micropillars of 
AR = 8.8. Limited bending is attributed to change of the elastic properties of 
PDMS in oil. The permeability of PDMS allows infiltration of solvents into the 
polymer matrix causing swelling and change in mechanical properties. The 
swelling ratio (SW) is a parameter indicating the degree of PDMS swelling in 
different solvents and is estimated as SW = D/D0, where D is the PDMS 
segment length in a solvent and D0 is the length of the dry PDMS segment.144 
The swelling ratio of PDMS in isopropanol is 1.09144 and in publication II, the 
estimated value of SW for PDMS in silicone oil is 1.31. 

Flexible micropillars bend along the direction of the magnetic field. The 
relation between bending and the external magnetic field can be established by 
balancing the elastic torque (bending moment (MB)) and the magnetic field 
torque (Tm) as following139,165 
 

                                                                                                                   (5.1) 
 
Small angle bending equation is given as follows166  
 

                                                                                                       (5.2) 
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Using Equation 5.1 and the expression of the magnetic field torque, the 
following relation is obtained 
 

                                                                            (5.3) 

 
(E) is the elastic modulus, (I) is the second moment of area of the pillar cross-
section, δ(z) is the deflection along the micropillar height, VM is the volume of 
the magnetic material,  M is the magnetization of the micropillar, B is the 
external magnetic field, (ϑ) is the deflection angle of the micropillar and (α) is 
the angle of the magnetic field. Both angles are defined with respect to the 
original axial direction of the pillars, i. e. ϑ = 0° for upright pillar and α = 90° 
for a magnetic field perpendicular to the sidewall of the free end of the 
micropillar. (α – ϑ) is the angle between the tilted magnetic micropillar and 
the magnetic field at the pillar top. 

Solving Equation 5.3 by applying the boundary conditions:  and 

δ(z) = 0 at z = 0 yield165 
 

                                                                                       (5.4) 

 
Considering a point load at the pillar top where z = h and knowing that the 
second moment of area is I = πd4/64, Equation 5.4 is written as 
 

                                                                                    (5.5) 

 
A formula for the equilibrium deflection angle is given as138,139,167 
 

                                                                                                 (5.6) 

 
Kϑϑ is the elastic torque and Kϑ = co(EI/h) is the equivalent torsion spring 
constant,138 where co is a correction coefficient. For array of micropillars of 
similar dimensions and magnetization, the elastic modulus and pillar height 
are the factors contributing to the extent of deflection during pillar bending. 
Compared with micropillar actuation in isopropanol, pillars immersed in 
silicone oil exhibit limited bending for pillars of AR = 4.8 due to an increase of 
the elastic modulus. 

Thiol-ene magnetic micropillars also display simultaneous bending in the 
presence of magnetic field gradient. In contrast to PDMS magnetic 
micropillars, swelling was not noticed during the actuation of thiol-ene pillars. 
This was confirmed by carrying out side-by-side comparison of micropillars 
actuation in oil and in ethanol (part of the work included in Publication III).  

Collective actuation of thiol-ene magnetic pillars in ethanol is demonstrated 
in Figure 5.4. 
 



 

                                                                                                                                                     63 
 

 
Figure 5.4. Snapshot images of recorded videos by optical microscopy showing collective 

bending of thiol-ene magnetic micropillars in ethanol. a) Magnetic field off: top view 
(i) and side view (ii) of the micropillars before actuation. b) Magnetic field on: top 
view (i) and side view (ii) of the micropillars during actuation. Reproduced with 
permission from publication III. Copyright @ 2020 John Wiley & Sons, Inc. 

5.3  Elastic and surface properties 

Bending with large deflection angle and fast response time are prerequisites 
for various applications of the cilia-inspired magnetic micropillars. Identifying 
parameters that produce magnetic micropillars of low elastic modulus is 
beneficial since it enables large deflection at low magnetic field strength. 
Therefore evaluating the elastic properties of thiol-ene as well as PDMS 
magnetic micropillars is crucial. Synthesis and testing of the magnetic 
micropillars with varying elastic properties are detailed in publication II and 
publication III. 

A fixed weight ratio of 10:1 (base elastomer: curing agent), uniform PDMS-
CIP composite without aggregation, no phase separation when the mixture 
was subjected to a magnetic field are confirmed during synthesis of PDMS 
magnetic micropillars. This means that the elastic property of the PDMS 
magnetic pillars fabricated by the process presented in Figure 5.1 is 
determined by the percentage of CIP loaded and oil infiltration. 

In the case of thiol-ene, factors contributing to the elastic properties are the 
functionality of thiol-ene monomers and the off-stoichiometric ratio, which 
are determined by the selected composition chemistry during synthesis. Thiol-
ene is prepared by selecting the monomer components of thiol and allyl 
groups. In the simplest form thiol-ene is composed of two chemical 
components, one with thiol groups and the other with allyl groups. It is the 
stoichiometry and functionality of the chosen monomers that determine the 
elastic and surface properties of the replicated structure. Thiol-ene magnetic 
micropillars based on two types of thiol-ene mixtures are presented in 
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publication III. Thiol-ene mixture containing trimethylolpropane tris[3-
mercaptopropionate] (trithiol) and trimethylolpropane diallyl ether (dialyl) 
result in flexible thiol-ene magnetic micropillars, whereas a mixture of trithiol 
with 1,3,5-triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione (triallyl) increases the 
crosslinking density and thus produces stiff pillars. Stoichiometry of the thiol-
ene mixture also impacts the mechanical properties and the surface adhesion 
of the fabricated thiol-ene samples. 

Investigation of the elastic properties was done by comparing Young's 
modulus values determined through tensile test measurements of thin 
segments of elastomeric materials. The results are presented in Table 3. 

Table 3. Tensile tester characterization of elastomeric materials utilized in the fabrication of 
magnetic micropillars.  The characterization yields values of Young’s modulus of PDMS, oil 
infused PDMS, thiol-ene and thiol-ene subjected to oil immersion. 

Sample Young’s Modulus [MPa] 
PDMS 1.59 ± 0.05 
Oil infused PDMS 1.80 ± 0.13 
PDMS-CIP 2.05 ± 0.20 
Oil infused PDMS-CIP 3.38 ± 0.41 
Trithiol:Triallyl stoichiometric thiol-

ene 
788 ± 72 

Trithiol:Diallyl off-stoichiometric 
thiol-ene (50% thiol excess) 

1.17 ± 0.21 

Trithiol:Diallyl stoichiometric thiol-
ene 

7.58 ± 0.52 

Trithiol:Diallyl stoichiometric thiol-
ene in oil  

7.98 ± 0.96 

Young’s modulus value of PDMS obtained from the characterization is in 
agreement with several reports.139,141,168,169 Further, loading PDMS with CIP or 
infiltrating it with silicone oil increases the measured value of Young’s 
modulus. 

The highest measured value of Young’s modulus was observed for 
Trithiol:Triallyl thiol-ene. This is due to the higher functionality of allyl 
monomers leading to higher crosslinking density, and thus higher Young’s 
modulus value. On the other hand, the off-stoichiometric ratio in the thiol-ene 
mixture leads to a reduction in the crosslinking density. The change in the 
measured value of Young's modulus is significantly less compared with 
selecting thiol-ene monomers with a higher degree of functionality. 

Thiol-ene offers the ability to tailor the elastic properties by controlling the 
crosslinking density to an extensive degree. In fact it is possible to tune the 
elastic properties of thiol-ene from low Young’s modulus values of less than 11 
MPa145 to high Young’s value of 1750 MPa.146 In comparison, tuning the elastic 
modulus of PDMS is limited between 0.5 MPa for the ratio 33:1 (base 
elastomer: curing agent) to 3.6 MPa for 5:1 ratio.170 

Another technique was employed for the mechanical characterization of 
thiol-ene magnetic micropillars (publication III). Therein, local non-contact 
actuation of magnetic micropillars was achieved by a robotized 
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electromagnetic needle (Figure 5.5). The electromagnetic needle offers 
precision in manipulating microscale objects.171 The mechanical properties of 
the pillars were characterized by relating the pillar deflection to the current 
supplied to the needle. The measurements were performed by positioning the 
needle at a fixed distance from the edge of the free end of the micropillar 
followed by supplying current at four subsequent steps starting at 150 mA and 
succeeded by an incremental increase of 150 mA in the following steps. 
Displacement of the micropillar (δ) for each current value was acquired and 
the procedure was repeated at an increased pillar-needle separation. In total, 
the characterization of a single micropillar involved measurements with four 
current values at four pillar-needle separations. Schematic representation of 
the measurement is shown in Figure 5.5a. Increased displacement δ of 
stoichiometric thiol-ene Diallyl:Trithiol micropillar as a response to an 
increasing supplied current is shown in Figure 5.5b. The effect of 
crosslinking density on δ was verified by measurements with supplied 
constant current of 600 mA on three micropillars each with distinct thiol-ene 
chemistry (Figure 5.5c). Small δ values was observed for the Triallyl:Trithiol 
pillar due to the increased crosslinking density. Results of the elasticity 
characterization for stoichiometric Diallyl:Trithiol micropillars and off-
stoichiometric Diallyl:Trithiol micropillars are shown in Figure 5.5d and 
Figure 5.5e, respectively. Characterization results of Triallyl:Trithiol 
stoichiometric micropillars are shown in Figure 5.5f, where the two initial 
pillar-needle separation distances furthest away from the micropillar were 
disregarded because of barely noticeable δ. 

 

 
Figure 5.5. Elasticity characterizations using electromagnetic needle to measure displacement 

δ of thiol-ene magnetic micropillars immersed in water. a) Schematic illustration of 
the measurement. b) Snapshot images of videos captured by a high-speed camera 
show top view of Diallyl:Trithiol stoichiometric micropillars actuation with increasing 
displacement as a result of increasing current through the needle. c) The effect of 
crosslinking density on displacement δ of three micropillars each with distinct thiol-
ene chemistry. Supplied current is 600 mA.  d-f) Displacement δ as function of the 
supplied current to the needle at four initial separation distances between the 
needle and (d) stoichiometric Diallyl:Trithiol micropillars, (e) off-stoichiometric 
Diallyl:Trithiol micropillars with 50% excess thiol,(f) Triallyl:Trithiol stoichiometric 
micropillars. Reproduced with permission from publication III. Copyright @ 2020 
John Wiley & Sons, Inc. 
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The consistent results prove that local actuation using electromagnetic needle 
is a viable option for probing the effect of crosslinking density variation. 
In addition to elasticity, surface modification is of an equal significance to the 
functionality and application of magnetic micropillars. Surface modification 
was achieved through different strategies that depend on the material of the 
magnetic micropillars. For PDMS, tuning synthesis parameters like 
elastomer:curing agent ratio and curing temperature do not change the surface 
chemistry.172 However, the surface energy of PDMS, which is 19-21 mN/m173 
can be increased by oxygen plasma. In addition, PDMS is compatible with 
different solvents manifested by the swelling of PDMS to different degrees 
indicated by the swelling ratio SW.144 As mentioned in the previous section the 
value of SW in silicone oil is 1.31 indicating high compatibility with PDMS. The 
surface properties of the PDMS sample changes after immersion in silicone oil. 
This was confirmed in publication II by performing wetting characterization 
using contact angle goniometer. The measured ACA is 115.4° and RCA is 
100.8° on flat PDMS in air. The corresponding values of PDMS magnetic 
micropillar samples immersed in silicone oil are ≈ 171° for both ACA and RCA. 
Negligible CAH confirms that super non-wettability is conferred to the PDMS 
magnetic micropillars due to the lubricant infusion. Slippery liquid infused 
porous surfaces (SLIPS) is a class of engineered materials that relies on 
lubricant infusion and features excellent liquid- and ice repellency, 
manipulation of droplets of different values of surface tension.87,174–177 In the 
next section, water droplet manipulation by PDMS and thiol-ene magnetic 
micropillar arrays will be elaborated. 

Surface modification of thiol-ene is facilitated by accessible allyl and thiol 
groups. The surface properties of thiol-ene depend on the off-stoichiometric 
ratio.146 In publication III, surface adhesion measurement of stoichiometric 
Diallyl:Trithiol thiol-ene is compared with the a measurement conducted on 
Diallyl:Trithiol thiol-ene with 50 % excess thiol. The measured values of the 
maximum force of adhesion on flat thiol-ene surfaces are 0.51±0.14 mN and 
1.05±0.1 mN for the stoichiometric and the off-stoichiometric thiol-ene 
respectively. This characterization is essential for the replication process as 
thiol-ene with a high level of adhesion is detrimental for the replication of the 
micropillars from the PDMS template. 

The accessible surface groups are utilized for UV-grafting of 
polyvinyltrimethoxysilane (PVTMS) colloidal micro- and nanoparticles. The 
particles, which were prepared using Stöber method,178 are terminated with 
allyl groups. UV initiated click chemistry reaction was utilized to covalently 
bond the particles onto the surface thus modifying the surface topography of 
the magnetic micropillars.   Hydrophobic SAMs were then grafted onto the 
surface of the decorated micropillars to achieve superhydrophobicity. 

SAMs were also grafted directly onto the surface of the thiol-ene 
micropillars. Converting surface allyl groups to thiol groups prior to 
functionalizing  with the allyl terminated PVTMS particles was accomplished 
by UV grafting of 1,6-hexanedithiol. This was done to maximize the reaction 
sites with the colloidal PVTMS particles. Hydrophilic SAMs were also used to 



 

                                                                                                                                                     67 
 

modify the surface energy before freeze drying to allow SEM inspection of the 
pillars (Figure 5.2b). 

Decorating the surface with PVTMS particles improves the stability of the 
micropillars without compromising the actuation capabilities. Arrays of 
decorated thiol-ene micropillar exhibit stability in the absence of a liquid 
medium. The conformal coverage of PVTMS colloidal particles provides an 
exoskeleton for the micropillars. Hence, the decorated high AR thiol-ene 
micropillars are not prone to the collapse driven by the capillary forces. This 
allowed actuation of the thiol-ene magnetic micropillar array in air as 
demonstrated in Figure 5.6. 

 

 
Figure 5.6. Topography modification of thiol-ene magnetic micropillars by 

polyvinyltrimethoxysilane (PVTMS) colloidal micro- and nanoparticles. a) 
Snapshot images of videos recorded by optical microscopy showing top view 
of the array of thiol-ene micropillars of aspect ratio 8.6 (i) before actuation and 
(ii) during actuation in air. b) Coverage of colloidal micro- and nanoparticles 
that are covalently bonded onto the surface of the micropillars as revealed by 
scanning electron microscopy of (i) array of micropillars and (ii) zoom-in of an 
individual micropillar. 

Thiol-ene offers high level of surface tunability and low permeability to 
common solvents. The degree of surface roughness as well as the dimensions 
of the magnetic micropillars can be tuned by multiple steps of grafting 
colloidal PVTMS particles. 

Pairing surface topography modification with grafting of hydrophobic SAMs 
produce responsive and robust superhydrophobic surfaces that can sustain 
and manipulate water droplets in Cassie state. 
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5.4  Applications of magnetic micropillars 

Intriguing wetting phenomena relevant for many practical applications of 
superhydrophobic surfaces are associated with low CAH and robust Cassie 
state. Both of these two criteria are fulfilled by lubricant infused PDMS 
micropillars (Publication II) and decorated thiol-ene micropillars treated with 
SAMs (Publication III). Wetting characterization by contact angle goniometer 
yielded negligible CAH for oil infused PDMS pillars and the value of CAH for 
decorated thiol-ene pillars is 10º. Low value of CAH corresponds to low 
retention force (Equation 2.27). This combined with the fast actuation aided 
by the flexibility of the micropillars allowed controlled droplet motion driven 
by repetitive bending and recovery of the superhydrophobic magnetic 
micropillars as illustrated in Figure 5.7. The mechanism leading to the 
unidirectional droplet motion is composed of two steps namely; bending and 
recovery. During the first step, known as the magnetic stroke, each magnetic 
micropillar bends in response to the applied magnetic field, thereby 
accumulating elastic energy. The direction of the magnetic field is controlled 
manually by orienting the permanent block magnet beneath and in close 
proximity to the sample. The magnetic micropillars recover to the upright 
position releasing the accumulated elastic energy once the magnetic field is 
momentarily directed away from the sample. Unidirectional motion of the 
water droplet is caused by repeating the procedure of continuous bending 
(magnetic stroke) and recovery (elastic stroke). The same actuation 
mechanism has been applied to induce unidirectional motion of solid particles. 
 

  

Figure 5.7. A schematic showing not-to-scale illustration of the mechanism leading to the 
unidirectional motion of a water droplet. The repeated sequence of bending and 
recovery of the magnetic micropillars causes directional droplet motion. 

The driving force acting on the three-phase contact line of the droplet 
originates from continuous and collective bending and recovery of the 
magnetic pillars. 

The relation between the force and the displacement of the pillar is 
expressed in the following166 
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                                                                                                      (5.7) 

 
Equation 5.7 is deduced from the equation of small angle bending of beams 
Equation 5.2. To account for large deflection of the flexible pillars, a relation 
between dimensionless forces and deflections has been reported using 
numerical modelling.169  

Repeated bending and recovery of the magnetic micropillars induces droplet 
motion. The omnidirectional bending capability of the pillars, fast response 
time and low adhesion to water droplet assist controlled water droplet motion 
along any direction. This is demonstrated in Figure 5.8 where motion of 286 
μm wide water droplet along different directions in silicone oil proceeds easily 
by the actuation of PDMS magnetic micropillars. 

For thiol-ene magnetic micropillars, low CAH is attributed to the secondary 
roughness achieved through conformal coverage of colloidal PVTMS micro- 
and nanoparticles on the surface of the micropillars. Treating the particles 
with low energy SAMs of perfluorodecanethiol (FDT) lowers the surface 
energy. This allows directional water droplet by repeated bending and recovery 
of the micropillars as shown in Figure 5.9. In addition to 
superhydrophobicity, decoration of thiol-ene micropillars with sub-10 μm 
particles (2.2 μm average diameter) and sub-μm particles (547 nm average 
diameter) imparts mechanical stability so high AR thiol-ene micropillars can 
be actuated in air as well as in different liquid media. Droplet motion in this 
case was achieved in silicone oil to avoid evaporation of the droplet. 

Topography modification of the thiol-ene micropillars produced samples of 
CAH ≈ 10°. Further reduction of CAH can be attained by increasing the degree 
of surface roughness in combination with grafting different type of 
hydrophobic SAMs. 

Both PDMS magnetic micropillars and thiol-ene magnetic micropillars 
demonstrated the capability of directional transport of solid microbeads as 
reported in publication II and publication III. 
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Figure 5.8. Controlled water droplet transport in silicone oil by repetitive bending and recovery 

of PDMS magnetic micropillars of AR = 8.8. a-c) Snapshot images of videos 
recorded by optical microscopy showing top view of the water droplet motion along 
different directions. The droplet is ≈ 286 μm wide and the velocity of motion induced 
by the pillars is ~ 2.75 mm/min. (Publication II). 

 

Figure 5.9. Droplet motion directed by thiol-ene magnetic micropillars of AR = 8.6. a) SEM 
images of thiol-ene magnetic micropillars decorated with polyvinyltrimethoxysilane 
(PVTMS) colloidal micro- and nanoparticles. b) Water droplet motion induced by 
repetitive bending and recovery of the micropillars as it is seen under the optical 
microscope. Reproduced with permission from publication III. Copyright @ 2020 
John Wiley & Sons, Inc. 
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The unidirectional droplet motion shown in Figure 5.8 and Figure 5.9 was 
achieved along the direction of the elastic stroke. The same actuation 
mechanism can be applied to induce bubble motion. The magnetic 
micropillars exhibit under-oil superoleophilicity meaning that oil readily fills 
the interspaces of the surface microstructure forming a trapped layer that 
cannot be replaced by water droplets or air bubbles. In this case, the cilia-
inspired micropillared surfaces show extremely low adhesion to air bubbles, 
which would rise up by the buoyant force instead of adhering to the surface. 
The adhesion force (Fa) and the buoyant force (Fb) are given as follows 
 

Fa =γ(2πRbsinε)sinε                                                                                               (5.8) 
 

Fb = ρfVbg                                                                                                                 (5.9) 
 
Liquid-air interfacial tension, radius of the bubble, the angle between the 
surface and the tangent to the liquid-air interface at the point where the three 
immiscible phases meet, density of the ambient fluid and the volume of the 
bubble are denoted by γ, Rb, ε, ρf and Vb, respectively. 

An air bubble can be supported on the surface by fixing the cilia-inspired 
micropillared sample upside down while immersed in oil. By virtue of 
repetitive bending and recovery of the magnetic micropillars, unidirectional 
motion of the bubble can be initiated along the direction of the elastic stroke 
(opposite direction to the pillar bending). 

The properties of the cilia-inspired magnetic micropillars such as fast 
response time, stability against capillary-driven collapse and tunable elasticity 
enable essential applications within microfluidic devices ranging from fluid 
manipulation to sensing. One potential application is using the cilia-inspired 
magnetic micropillars as actuators to propel liquids in microfluidic 
devices.130,179–181 Two different modes of collective pillar actuation can be 
implemented for the generation of fluid flow. The conical tilted motion is the 
first type of motion in which each magnetic pillar in the array exhibits 
rotational synchronous 3D asymmetric motion.130,180 This type of motion 
consists of an effective stroke when each individual cilium beats straight as the 
tip is furthest from the surface and a recovery stroke when the cilia beat closer 
to the surface mimicking the motion of biological cilia in the embryonic 
node.180,182 The second type of motion is metachronal 2D motion in which 
magnetic micropillars execute whip-like motion consisting of magnetic stroke 
and elastic stroke.180 During magnetic stroke each pillar bends and assumes a 
curved shape as it aligns to the magnetic field, thereby accumulating elastic 
energy. In recovery stroke, the elastic energy is released resulting in rapid 
motion of the pillars as they recover to the upright position. Under the 
influence of periodic non-uniform magnetic field, the magnetic pillars beat in 
metachronal fashion, where slight phase difference between neighboring 
pillars is present.180 

Ciliary fluid propulsion with synchronous 3D actuation mode was 
demonstrated in both water and glycerol. The maximum generated flow speed 
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of water is 90 μm/s achieved at an actuation frequency of 20 Hz.180 At higher 
actuation frequencies flow speed drops due to inertial effects that counteract 
the flow.180 In glycerol, flow speed of 120 μm/s can be reached at an actuation 
frequency of 60 Hz, which is the frequency limit of the rotating magnet below 
the sample.180 

Fluid propulsion with the metachronal 2D motion actuation mode can 
achieve significantly higher flow speeds in water. At an actuation frequency of 
100 Hz, the reported water flow rate is 3ooo μm/s.180 In this case, inertial 
effects contribute to the flow rate. In glycerol, where the inertial effects are 
absent, flow speed of up to 60 μm/s can be generated at actuation frequency of 
100 Hz, which is the limit of the actuation setup. 180 

Application of the cilia-inspired magnetic micropillars as a microfluidic 
pump that is competitive to the existing pumping techniques can be 
accomplished by fulfilling the following criteria. First, a fabrication process 
capable of rapid prototyping of magnetic micropillars has to be utilized. In 
Publication II, a new fabrication method that can be easily adopted for the 
production of magnetic micropillar arrays in microfluidic systems is 
presented. Second, the magnetic micropillars must be flexible, resistant 
against capillary-force-induced collapse and exhibit fast response time, which 
is the time required for the pillar to reach steady state during actuation. The 
response time for Diallyl:Trithiol thiol-ene magnetic micropillars is 2.66 - 3.40 
ms (Publication III) measured by the electromagnetic needle. Finally, the 
actuation setup must be compact, simple and can provide a periodic and non-
uniform magnetic field. 

Besides the application as an actuator that responds to an external stimulus, 
the magnetic micropillar arrays can function as a sensing element as well.135,136 
One potential application of the magnetic micropillars is within flow 
sensing.135 Fluid flow monitoring is important for lab-on-a-chip devices, 
medical instrumentation, chemical and automotive industries. A widely 
implemented approach for measuring the fluid flow using miniaturized 
systems is based on thermal flow sensing.183–185 In this technique, the flow rate 
is determined by registering the heat transferred per unit time from a resistive 
wire heater to a moving fluid by two thermistors.  Thermal flow sensors have 
high detection limit with resolution below 10 mm/s at low power consumption 
of 177 μW.184 However, increasing the resolution can come at the expense of 
increased power consumption.185 

Non-invasive flow sensors based on cilia-inspired magnetic micropillars 
provide an attractive alternative as they can be tuned to operate with power 
consumption as little as 80 nW while maintaining a resolution of 32 μm/s.135 
The advantages of developing flow sensors based on the principle of detecting 
flow by bending of the decorated thiol-ene micropillars are clear in that the 
elastic properties are tunable enabling detection of wide range of fluid flow 
velocities. In addition, resistance against corrosion of the magnetic particles is 
ensured by the limited permeability of thiol-ene. These advantages combined 
with the mechanical stability of the decorated pillars make them prominent 
choice for detection of liquid flow rates within microfluidic systems. 
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The operating principle is based on the integration of the pillar array on top 
of giant magneto impedance (GMI) sensor, which consists of 200 nm thick Cu 
layer sandwiched between two 100 nm thick Ni80Fe20 layers.135 The magnetic 
pillars are embedded with ferromagnetic particles or rods. The GMI sensor has 
magnetic anisotropy along the longitudinal axis achieved by applying magnetic 
field in the transverse direction during the deposition of the thin film 
layers.135,136 The segment occupied by the multilayer GMI sensor is 400 μm 
wide and 8 mm long135 and it can be patterned at the bottom of a microfluidic 
channel at the location(s) where fluid flow need to be measured. A change of 
the stray field of the magnetic micropillars is detected by the GMI sensor in the 
presence of fluid flow. The change of the stray field, which is a function of the 
micropillar displacement, translates to an impedance change of the GMI 
sensor. 

The relation between the displacement of the pillar and the force exerted on 
the area of the pillar facing the flow is given by the displacement-force 
relationship of an elastic cylindrical beam (Equation 5.7). The sensitivity and 
the resolution of the flow sensor depend on the diameter of the micropillar as 
well as the configuration of the pillar array.135,136 Given the low pitch value of 
the magnetic thiol-ene micropillar array shown in Figure 5.9 and the 
possibility to tune the elasticity of the individual pillars, different 
configurations of the flow sensors can be easily implemented to target specific 
operation range and sensor performance. 
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6. Conclusion and Outlook 

This thesis describes fabrication, characterization and application of 
superhydrophobic surfaces. Emphasis has been directed towards accurate 
characterization of non-wettability and fabrication of cilia-inspired responsive 
superhydrophobic surfaces. 

Publication I investigates friction and wetting transition of aqueous 
ferrofluid droplets on superhydrophobic surfaces using magnetic field-induced 
oscillations. Variations in properties that directly influence the degree of 
surface superhydrophobicity were probed by implementing free-decay droplet 
oscillations on micropillared superhydrophobic surfaces. Compared with the 
standard characterization method of contact angle goniometry, minor 
variations in pattern density were easily revealed by the oscillating droplet 
tribometer. On each surface, distinct values of contact angle hysteresis force 
and viscous dissipation coefficient were extracted from the droplet oscillation 
profiles. This characterization technique allowed surfaces of seemingly 
comparable advancing and receding contact angles to be distinguished. 
Through a systematic study, it has been identified that the solid-liquid fraction 
range within which droplet oscillations are feasible is between 0.78 % and 3.14 
% for square array of 10 μm diameter pillars of circular cross-section. 

 The stability of Cassie state of a droplet in motion was investigated by 
relating CW transition to the solid-liquid fraction and the magnetic field-
induced normal force.  The transition was found to occur at lower pressure for 
a droplet during oscillation on micropillared silicon surfaces treated with 
FDTS, compared with a static droplet on the same surfaces. 

Oscillating droplet tribometer was also proven to be an effective technique to 
probe the effect of different surface treatment procedures applied on similar 
silicon micropillared surfaces.  This was indicated in this thesis by comparing 
the measured contact angle hysteresis force from droplet oscillations 
performed on identical miropillared surfaces each was subjected to distinct 
surface modification procedure. Coating with FDTS yielded the lowest contact 
angle hysteresis force compared with surface treatment with ODTS, and 
Teflon®-like fluorocarbon thin film coating. 

This technique can be applied to reveal the influence of packing density, alkyl 
chain length and branching of the self-assembled monolayers on the measured 
contact angle hysteresis force and the robustness of Cassie state. This allows 
distinction between the superhydrophobicity of different surfaces, each of 
which treated with a unique chemical. Attempts to perform droplet oscillation 
experiments on micropillared surfaces treated with SAMs of short alkyl chain 



76 
 

lengths like trichloro(3,3,3-trifluoropropyl)silane and butyltrichlorosilane 
have failed due to CW transition of the droplet during the oscillation. In this 
case, surfaces consisting of cylindrical micropillars cannot sustain dynamic 
water-based ferrofluid droplets in Cassie state. Micropillars with double re-
entrant structures can provide stability against the wetting transition thus 
droplet oscillations on such surfaces can be conducted even if they are treated 
with SAMs of short alkyl chain lengths. 

Characterization of superoleophobic surfaces can also benefit from the high 
sensitivity of the oscillating droplet tribometer. In this case, oil-based 
ferrofluid can be synthesized to be implemented in the oscillation 
measurements. Factors that are essential for the superoleophobicity include 
surface energy, the re-entrant shape of the micro-and nanostructures, surface 
roughness and surface tension of liquids. The effect of these parameters on 
friction and wetting transition of oil-based ferrofluid droplets can be revealed 
by employing droplet oscillations. 

Publication II introduced a facile fabrication process for synthesizing cilia-
inspired, slippery and magnetically responsive surfaces. Droplet manipulation 
was demonstrated at the sub-mm scale aided by negligible retention force of 
the surface. This allowed controlled droplet motion along different directions. 
Moreover, directional transport of polyethylene microbeads was demonstrated 
to simulate clearance of solid contaminants. The demonstrated fabrication 
technique allows rapid prototyping of cilia-inspired and magnetically 
responsive surfaces. Further studies should be centered on fabricating 
microfluidic systems with integrated array of magnetic micropillars to enable 
on-demand fluid propulsion and mixing. 

In publication III, a new type of cilia-inspired magnetic micropillars based 
on thiol-ene is introduced. Thiol-ene as the material of choice for constructing 
magnetically responsive superhydrophobic surface enabled tuning of both 
surface and elastic properties. Tuning the elastic properties of the magnetic 
micropillars was achieved by controlling the crosslinking density of the 
monomers. This allowed fabrication of flexible micropillars (Diallyl:Trithiol) 
and stiff micropillars (Triallyl:Trithiol). Smaller incremental change in the 
mechanical properties of the magnetic pillars was achieved by tuning the off-
stoichiometric ratio of the thiol-ene mixture.  Variations in the mechanical 
properties were probed successfully using local actuation of individual pillars 
by an electromagnetic needle. This was accomplished by relating thiol-ene 
chemistry to the free-end displacement of the magnetic micropillars at a given 
value of the supplied current to the needle. Moreover, the effect of thiol-ene 
chemistry on the responsiveness of the pillars was also revealed by the local 
actuation using the electromagnetic needle. 

Surface topography modification of the magnetic thiol-ene micropillars was 
accomplished by UV grafting of colloidal polyvinyltrimethoxysilane micro- and 
nanoparticles onto the surface of the pillars. Decorating the pillars provides 
mechanical stability without compromising the fast and powerful actuation 
capabilities. This feature allows actuation of high aspect ratio pillars in air. To 
this day, cilia-inspired magnetic micropillars of high aspect ratio relied on 
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critical point drying to enable functionality in air and the stability issue has not 
been addressed. Furthermore, superhydrophobicity or superhydrophilicity can 
be gained by UV grafting of hydrophobic or hydrophilic self-assembled 
monolayers. 

The fast responsiveness of the pillars, enhanced stability, tunable surface and 
mechanical properties are essential features for many practical applications.  
Flow sensor integrated in microfluidic system and miniaturized tactile sensor 
capable of measuring mechanical deformations are among applications that 
can be achieved by integrating an array of thiol-ene micropillars on top of a 
giant magneto impedance sensing element.  

Transparency combined with enhanced stability and superhydrophobicity 
can promote the use of thiol-ene magnetic micropillars as a microfluidic 
elastometer for blood coagulation monitoring. In this application, blood 
samples are in direct contact with the micropillar array. Coagulation of blood 
is correlated to the applied magnetic field, which magnitude must increase in 
order to induce a constant deflection of the pillars during the coagulation. 
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Errata

Publication I, page 3 
 
The equation Fμ = L/2(cosθR ̶ cosθA) is missing a Parentheses. The correct 
form is Fμ = (L/2)(cosθR ̶ cosθA). 
 
Publication I, page 6 
 

In the Experimental Section, the value of the dose was incorrectly given as 3.18 
J cm-2. The correct dose value is 50 mJ cm-2.  
 
Publication III, page 6 
 
In the last paragraph the application was incorrectly designated as micro-
elastomer. The correct term is micro-elastometer. 
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